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EFFECTS OF SOME PHYSICAL PARAMETERS ON PENETRATION, SIZE 
AND SHAPE IN ALGINATE GEL MICROENCAPSULATION 
SUMMARY 
Microencapsulation is defined as the process of packing or immobilizing of liquid 
droplets, solid particles or gas materials having a physiological activity in a 
continuous shell. Nowadays, microencapsulation technology is widely used  in many 
industries such as pharmacology, chemistry, cosmetics, food and agriculture. 
Bioactive ingredients are compounds that present as natural constituents or as 
fortificants in foods having a potential to provide health benefits beyond the basic 
nutritional value of the food product. Currently, there is a growing interest in 
bioactive ingredients such as omega-3 fatty acids, phytosterols/stanols, probiotics, 
prebiotics, vitamins and minerals, bioactive peptides, amino acids and proteins, 
polyphenolic antioxidants. However, most of bioactive ingredients are sensitive 
compounds and may easily be degraded due to their sensitivity against oxygen, light, 
heat and water. Microencapsulation is a promising technique for protection and 
controlled delivery of sensitive bioactive compounds. Microencapsulation may also 
be used to mask undesired taste, odor or color, to prevent oxidation and enhance 
shelf life of the product, to increase the bioavailability of compound, safe handling of 
toxic materials, etc.  
Hydrocolloid gel particles, for example, alginate microspheres (beads) have found 
great potential in the application of encapsulation of materials such as drugs, 
proteins, enzymes, cells, DNA, probiotics, flavors and nutrients. Calcium alginate gel 
beads are widely used in many food, pharmaceutical and medical applications due to 
their biocompatibility, inert nature, mild encapsulation conditions and high porosity 
which allows high diffusion rate of macromolecules. Extrusion and emulsion 
techniques are commonly used to produce alginate beads. In addition to these 
techniques, spinning disk atomization and spray drying are also used. Extrusion 
involves external gelation by dripping methods. In dripping technique, alginate 
solution is extruded through a nozzle into a gelling bath including CaCl2. Ca
2+ ions 
diffuse through and crosslink the alginate droplet and form a gel. This technique is 
widely used due to being simple and a fast way to produce large amounts of beads. 
Dripping is consisted of four different steps; droplet formation, fall of droplet, 
penetration into gelling solution, bead formation and hardening. 
The main objective of this study is to investigate the influence of physical properties 
of alginate and CaCl2 solutions on alginate droplet penetration into gelling bath, size 
and shape characteristics of Ca-alginate beads. Dripping technique, which includes 
the extrusion of alginate solution through a syringe into a gelling bath including 
CaCl2 solution, was used to produce Ca-alginate beads. Alginate gel microparticles 
were formed via ionotropic gelation principle. In many microencapsulation 
processes, obtaining the proper penetration of a polymer droplet into another solution 
may be hard. If proper penetration is not provided, resulting beads may have some 
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shape deformations. It is known that if the falling drop has enough energy to break 
the liquid surface, the droplet penetrates into the CaCl2 solution. Another aim of the 
study is to observe all steps of dripping method with the help of high-speed video 
recording and evaluate which step has a significant role on shape deformations of 
alginate droplets/beads. While many applications of hydrocolloid beads have been 
reviewed, only very limited usually incomplete information can be found on droplet 
penetration, shape and surface features of beads. Therefore, this study may provide to 
have a better idea about penetration phenomena and shape deformations. 
Surface tension and viscosity are two important physical characteristics, which may 
affect the penetration process. In this study, viscosity of alginate solution was 
modified by changing the concentration (10 g/L, 15 g/L, 20 g/L and 30 g/L) and the 
viscosity of CaCl2 solution was modified by adding different amounts of glycerol in 
a range of 5-90 % (v/v). Surface tension of CaCl2 solution is altered by adding 
different concentrations of surfactant (Tween 20) in a range of 0,01-1 g/L. In the first 
part of the study, viscosity and surface tension of all solutions were measured in 
triplicate. In experimental set-up, a nozzle having 0,6 mm diameter was fixed to a 
syringe. Alginate solution was filled into the syringe and connected to a syringe 
pump. Flow rate was set as 100 ml/h, the alginate solution was extruded through the 
syringe, and alginate droplet was formed at nozzle tip. After detachment of droplet 
from the tip, the drop fall through the gelling bath. All these steps were observed by 
using a high-speed camera. Gelling bath was consisted of 20 g/L CaCl2 solution in 
the study. Penetration depth of at least 25 alginate droplets were measured for each 
batch and all measurements were done as triplicate. Ca-alginate beads formed and let 
to harden for 30 min. Then, size and shape analyses were applied for each Ca-
alginate batches. For size analysis, diameters of at least 25 beads were measured in 
triplicate. For shape analysis, dimensionless shape indicators such as sphericity 
factor, aspect ratio were calculated. 
In this study, it was concluded droplet formation and fall of droplet steps has no 
affect on shape deformations of droplets. Droplets were observed as spherical before 
penetration step. Thus, penetration has an important role on shape deformations. In 
the study, it was also concluded that viscosity and surface tension are two important 
parameters which affect the penetration process and have an important role on shape 
of Ca-alginate beads. Penetration depth of alginate droplets were significantly 
affected by viscosity of alginate and CaCl2 solutions and surface tension of CaCl2 
solution (p<0,05). It was also observed that as the viscosity of alginate solution 
increased, penetration depth of alginate droplet into CaCl2 solution increased. On the 
contrary, as the viscosity of CaCl2 solution increased, penetration depth of alginate 
droplet decreased at each concentration. As the surface tension of CaCl2 solution 
decreased, penetration depth of alginate droplets increased. It was concluded that 
when viscosity of CaCl2 solution increased, there was a reduction in size of Ca-
alginate beads, sphericity decreased and shape deformations observed. Surface 
tension of CaCl2 solution had no influence on bead size (p>0,05). However, it was 
concluded that surfactant addition enhanced penetration and prevents shape 
deformations of Ca-alginate beads. 
  
xxi 
 
ALJİNAT JEL MİKROENKAPSÜLASYONUNDA BAZI FİZİKSEL 
PARAMETRELERİN PENETRASYON, BOYUT VE ŞEKİL ÜZERİNE 
ETKİLERİ 
ÖZET 
Mikroenkapsülasyon, fizyolojik aktiviteye sahip sıvı damlacıkların, katı partiküllerin 
veya gaz halindeki bileşenlerin sürekli bir kabuk içerisinde paketlendikleri yada 
immobilize edildikleri bir işlem olarak tanımlanmaktadır. Günümüzde 
mikroenkapsülasyon teknolojileri, farmakoloji, kimya, kozmetik, gıda ve tarım gibi 
pek çok sanayi alanında yaygın olarak kullanılmaktadır. Biyoaktif maddeler, 
gıdalarda doğal bileşen olarak bulunan ya da zenginleştirme amaçlı katılan, temel 
besin değerinin dışında sağlık faydaları sağlama potansiyeline sahip bileşenlerdir. 
Günümüzde omega-3 yağ asitleri, fitosteroller/stanoller, probiyotikler, prebiyotikler, 
vitamin ve mineraller, biyoaktif peptidler, aminoasitler ve proteinler, antioksidanlar 
gibi biyoaktif maddelere gittikçe artan bir ilgi vardır.  Ancak, biyoaktif maddelerin 
bir çoğu hassas bileşiklerdir ve oksijen, ışık, ısı ve su gibi faktörlere karşı 
hassasiyetleri nedeniyle kolaylıkla degrade olabilirler. Mikroenkapsülasyon, bu 
hassas biyoaktif bileşiklerin korunması ve kontrollü salınımı için umut vaad eden bir 
tekniktir. Mikroenkapsülasyon işlemi aynı zamanda istenmeyen tat, koku ve rengin 
maskelenmesi, oksidasyon reaksiyonlarının önlenmesi ve ürünün raf ömrünün 
arttırılması, toksik maddelerin güvenli kullanılır hale getirilmesi gibi amaçlarla da 
kullanılabilmektedir.  
Aljinat mikroküreleri gibi hidrokolloid jel partikülleri, ilaçlar, proteinler, enzimler, 
hücre, DNA, probiyotikler, aroma ve besin öğeleri gibi maddelerin 
enkapsülasyonunda önemli bir potansiyele sahiptir. Kalsiyum aljinat jel 
mikroküreleri, inert yapıları, biyouyumluluk özellikleri, makromoleküllerin yüksek 
difüzyon hızına izin veren yüksek gözeneklilikleri ve kolay enkapsülasyon 
koşullarında uygulabilirliği nedeniyle gıda ve farmasötik uygulamalarında yaygın 
olarak kullanılmaktadır. Ekstrüzyon ve emülsiyon teknikleri aljinat mikroküreleri 
üretmek için kullanılan en yaygın yöntemlerdir. Bu tekniklerin yanısıra, yaygın 
olmasa da dönen disk atomizasyon ve sprey kurutma gibi metodlar da 
kullanılabilmektedir. Ekstrüzyon, damlatma metotlarıyla dış jelleşme prensibini 
içerir. Damlatma tekniğinde, aljinat çözeltisi  kapiler bir uçtan geçirilerek CaCl2 
içeren bir jelleşme çözeltisine damlatılır. Ortamdaki Ca+2 iyonları aljinat damlacığına 
doğru difüze olur, aljinat molekülüne çapraz bağlanır ve jel oluşturur. Bu teknik 
kolay olması ve fazla miktarda Ca-aljinat mikrokürelerinin üretilmesine olanak 
sağlayan hızlı bir metod olduğu için yaygın olarak kullanılmaktadır. Damlatma 
tekniği; damlacık oluşumu, damlacığın jelleşme çözeltisine doğru düşmesi, jelleşme 
çözeltisine penetrasyonu ve mikroküre oluşumu-sertleşmesi aşamalarından oluşur. 
Bu çalışmanın temel amacı, damlatma yöntemi ile elde edilen Ca-aljinat 
mikrokürelerinin üretiminde kullanılan aljinat ve CaCl2 çözeltilerinin viskozite, 
yüzey gerilimi gibi fiziksel özelliklerinin damlacığın jelleşme çözeltisine 
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penetrasyonu, üretilen mikrokürelerin şekil ve boyut gibi özellikleri üzerine 
etkilerinin araştırılmasıdır. Bu çalışmada, Ca-aljinat mikrokürelerinin üretiminde 
aljinat çözeltisinin bir şırıngadan geçilerek CaCl2 içeren bir jelleşme çözeltisine 
damlatılması prensibine dayanan damlatma tekniği kullanılmıştır. Aljinat jel 
mikroküreleri iyonotropik jelleşme yöntemiyle elde edilmiştir. Birçok enkapsülasyon 
işleminde, polimer damlacığının başka bir çözelti içerisine uygun penetrasyonunu 
sağlamak zor olabilmektedir. Doğru penetrasyonun sağlanamaması durumunda 
üretilen mikrokürelerde bazı şekil bozukları görülebilmektedir. Bilindiği gibi düşen 
damlacığın sıvı yüzeyini delmek için yeterli enerji varsa, damlacık CaCl2 çözeltisine 
penetre olur. Bu çalışmanın diğer bir amacı ise, yüksek-hızlı video kayıt yöntemiyle 
damlatma işleminin tüm aşamalarının incelenmesi ve aljinat damlacıklarının 
penetrasyonu ve üretilen mikrokürelerin şekil bozuklukları üzerine hangi aşamanın 
daha etkili olduğunun saptanmasıdır. Literatürde hidrokolloid jel mikroküreleri ile 
ilgili birçok çalışma olmasına rağmen, damlacık penetrasyonu ile ilgili bir çalışmaya 
rastlanılmamıştır. Üretilen mikrokürelerin şekil ve yüzey özellikleri ile ilgili ise 
sınırlı sayıda çalışma bulunmaktadır. Bu nedenle, bu çalışmanın damlatma prensibine 
dayanan enkapsülasyon metodlarında penetrasyon sorunu ve şekil bozuklukları ile 
ilgili faydalı bilgiler sağlayacağı düşünülmektedir. 
Kullanılan çözeltilerin yüzey gerilimleri ve viskoziteleri, penetrasyon sürecini 
etkileyebilecek önemli fiziksel özelliklerdir. Bu çalışmada, aljinat çözeltisinin 
viskozitesi farklı konsantrasyonlarda (10 g/L, 15 g/L, 20 g/L and 30 g/L) 
hazırlanarak değiştirilmiştir. CaCl2 çözeltisinin viskozitesi ise farklı miktarlarda (% 
5-90 (v/v)) gliserol ilavesiyle değiştirilmiştir. CaCl2 çözeltisinin yüzey gerilimi ise 
farklı konsantrasyonlarda (0,01-1 g/L) Tween 20 ilave edilerek değiştirilmiştir. 
Çalışmanın ilk aşamasında, hazırlanan tüm çözeltilerin viskozite ve yüzey gerilimleri 
ölçülmüştür. Tüm ölçümler üç tekrarlı olarak yapılmıştır. Deney düzeneğinde, 
şırıngaya aljinat çözeltisi doldurulmuş ve bir şırınga pompasına bağlanmıştır. 
Şırıngaya 0,6 mm çapa sahip bir nozul sabitlenmiştir. Akış hızı 100 ml/h olarak 
ayarlanarak aljinat çözeltisi, şırıngadan ekstrüde edilmiş ve nozulun ucunda damlacık 
oluşumu sağlanmıştır. Damlacığın nozulun ucundan ayrılmasıyla jelleşme çözeltisine 
doğru düşme aşaması başlamaktadır. Tüm bu aşamalar yüksek-hızlı kamera 
kullanılarak gözlemlenmiştir. Çalışmada kullanılan jelleşme çözeltisi 20 g/L CaCl2 
çözeltisi içermektedir. Her bir üretim için en az 25 aljinat damlacığının penetrasyon 
derinliği üç tekrarlı olarak ölçülmüştür. Penetrasyondan sonra Ca-aljinat 
mikroküreleri oluşmuş ve 30 dakika sertleşmesi için CaCl2 çözeltisi içerisinde 
bekletilmiştir. Boyut analizi için en az 25 tane mikrokürenin çapı üç tekrarlı olarak 
ölçülmüştür. Şekil analizi için ise küresellik faktörü ve en/boy oranı gibi boyutsuz 
şekil göstergeleri hesaplanmıştır. 
Bu çalışmada, damlacık oluşumu ve damlacığın jelleşme çözeltisine doğru düşme 
aşamalarının damlacığın şekil bozuklukları üzerine bir etkisinin olmadığı sonucuna 
varılmıştır. Aljinat damlacıklarının penetrasyon aşamasından hemen önce küresel 
olduğu gözlemlenmiştir. Bu nedenle penetrasyon aşamasının şekil bozuklukları 
üzerine etkisi olduğu düşünülmüştür. Çalışmanın devamında, viskozite ve yüzey 
geriliminin penetrasyon sürecini etkileyen iki önemli parametre olduğu ve Ca-aljinat 
mikrokürelerinin şekli üzerinde önemli bir rolü olduğu sonucuna varılmıştır. Aljinat 
damlacıklarının penetrasyon derinliği, aljinat ve CaCl2 çözeltilerinin viskoziteleri ve 
CaCl2 çözeltisinin yüzey geriliminden önemli ölçüde etkilenmektedir (p<0,05). 
Aljinat çözeltisinin viskozitesi arttıkça aljinat damlacıklarının CaCl2 çözeltisine 
penetrasyon derinliğinin arttığı görülmüştür. Bu durumun tam tersine, CaCl2 
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çözeltisinin viskozitesi arttığında penetrasyon derinliğinin azaldığı görülmüştür. 
CaCl2 çözeltisinin yüzey gerilimi azaldığında ise penetrasyon derinliğinin arttığı 
saptanmıştır. CaCl2 çözeltisinin viskozitesi arttığında üretilen Ca-aljinat 
mikrokürelerinin boyutlarında bir düşüş, küreselliğinde bir azalma ve şekil 
bozukluklar görülmüştür. CaCl2 çözeltisinin yüzey geriliminin üretilen Ca-aljinat 
mikrokürelerinin boyutları üzerine bir etkisi olmadığı (p>0,05), ancak surfaktan 
ilavesinin penetrasyonu kolaylaştırdığı ve Ca-aljinat mikrokürelerinin şekil 
deformasyonlarının önlenmesine katkı sağladığı sonucuna varılmıştır. 
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1. INTRODUCTION 
Nowadays, there is a trend towards a healtier life, which includes a growing 
consumer awareness to what they eat, what benefits they get from food ingredients, 
how they can maintain good health and prevent some certain illnesses by diet. Within 
this scope, functional food term is appeared. These products present new challenges 
and opportunities to food engineers and food industry. However, existing and new 
bioactive ingredients need to be incorporated into food systems may easily degrade 
and lose their activities, or may become hazardous by oxidation reactions. In some 
cases, ingredients that incorporated into foods may react with existing components in 
the food system, which may limit bioavailability of components, change taste, color 
and appearance of the product. In many of such cases, encapsulation technologies are 
promising alternatives to overcome these problems (Schrooyen et al., 2001; Ubbink 
and Krüger, 2006). 
The application of encapsulation in food industry includes the entrapment of 
bioactive compounds such as antioxidants, vitamins and minerals, essential oils, 
polyunsaturated fatty acids (PUFAs) mainly n-3 polyunsaturated fatty acids, 
flavours, enzymes, probiotics etc. into small capsules (Gibbs et al., 1999; Schrooyen 
et al., 2001; Ubbink and Krüger, 2006). Applications of various encapsulation 
techniques have increased in food industry since encapsulated materials can be 
protected from undesired environment and process conditions such as moisture, heat 
or other extreme conditions, thus keeping their biological functionality, enhancing 
stability and maintaining viability (Gibbs et al., 1999). 
Alginate, which are natural polysaccharides, are extensively used as a biopolymer 
wall material in encapsulation processes due to their non-toxicity, biocompatibility 
and mild gelling properties (Knezevic et al., 2002). Alginate gel microencapsulation 
is a useful method, which is used to entrap various bioactive compounds. This 
technique can be easily applied to produce large amounts of uniform polymer beads. 
Alginate microspheres (beads)/microcapsules are commonly produced by extrusion 
or emulsion techniques. 
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Other technologies have been used to produce alginate microcapsules such as 
spinning disk atomization, spray drying etc. are less common (Knezevic et al., 2002; 
Cook, 2010).  
Physical characteristics such as shape, size, volume, specific gravity, surface area, 
bulk density etc. are important in the consideration of alginate bead properties 
(Nussinovitch, 2010). In the literature, studies about the physical properties of 
alginate beads are generally tend to their size and mechanical properties. However, 
there is not much information on the shape deformations of alginate beads occurred 
in different steps of encapsulation process. Dripping is commonly used to produce 
alginate beads due to being an easy technique. Dripping is consisted of four different 
steps; droplet formation, fall of droplet, penetration into receiving solution, bead 
formation and hardening. Among these steps, especially penetration is thought to be 
effective on shape deformations. 
The main objective of this study is to investigate the alginate droplet formation at 
nozzle tip, influences of some parameters such as physical properties (viscosity and 
surface tension) of alginate and receiving CaCl2 solution on droplet penetration, size 
and shape deformation of Ca-alginate beads. During preparation of this thesis, we 
propose a more direct observation of dripping process using a high speed camera. 
The study is conducted in two main parts. In the first part of the study, various Ca-
alginate bead batches are produced by modifying the physical properties of solutions. 
In this part, different steps of Ca-alginate bead production such as droplet formation, 
penetration into CaCl2 solution is observed by using a high speed camera and some 
movies and images are captured for image analysis. In the second part of the study, 
some measurements to determine bead diameter, sphericity and shape deformations 
are conducted for bead characterization. Thus, the influences of manipulated 
parameters on Ca-alginate beads are tried to be determined and discussed. 
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2. LITERATURE REVIEW 
2.1 Encapsulation 
Recent advances in the food and nutrition sciences support the idea the diet and its 
components has a significant role on promoting human health, improving well-being 
issue and protecting against some certain diseases. There are several amounts of 
scientific researches and strong evidences that indicate the positive effects of several 
bioactive components such as antioxidants, vitamins, minerals, essential fatty acids, 
probiotics and other dietary supplements on human health. These bioactive 
components may be found naturally in the product or incorporated by using 
appropriate technologies to obtain desired beneficial properties. However, bioactive 
compounds may easily degrade depending on the unfavorable environmental or 
process conditions (Sanguansri and Augustin, 2010; Vos et al., 2010). The 
functionality and activity of bioactive components depends on the protection of these 
compounds (Fang and Bhandari, 2010). The increase of understanding bioavailability 
and delivery systems in nutritional science, this point gains more importance. 
Currently, as a result of these findings, food processing technologies focus on two 
important aspects: 
· protecting bioactive compounds, thus retaining activity during processing and 
storage of the food product, 
· delivering the desired bioactive compounds to the target sites of the body. 
Microencapsulation can be used as an effective tool to provide these benefits and 
improve stability of bioactive ingredients (Sanguansri and Augustin, 2010). 
Encapsulation is simply defined as a process, which includes entrapment of one 
substance within another substance, in a diameter range of a few nm to a few mm 
(Pegg and Shadidi, 2008; Zuidam and Shimoni, 2010). Depending on the size of 
resulting particles, it may be called as nanoencapsulation or microencapsulation. This 
study is based on micro scale, thus microencapsulation term will be used. The 
resulting products of the encapsulation process are termed as “microcapsule” or 
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“microsphere (bead)” having micrometer size (>1 µm), spherical or irregular shape 
which differentiate in morphology and internal structure (Jyothi et al., 2009). The 
classification of encapsulation products is given in Table 2.1. 
Table 2.1 : Classification of encapsulation products. 
Terminology Size 
range 
Description Schematic 
illustration 
Microcapsules   
/ 
Nanocapsules 
µm Products of coating liquid core 
located centrally within the particle 
has a unique polymeric membrane 
 
 
nm 
 
 
Microspheres 
/ 
 
µm  
 
The core and wall are both solid. 
The active agent is dispersed or 
dissolved in a polymer and solid 
wall functions as a porous matrix  
 
 Nanospheres nm 
 
Microcapsules (a reservoir system) can be divided into two parts, namely the core 
and the shell. The core contains the bioactive ingredients and may be called as active 
agent, internal phase, fill or payload. The shell part protects the core material from 
the external environment and may be called as external phase, coating, carrier, shell 
or wall material, membrane, matrix (Ghosh, 2006; Zuidam and Shimoni, 2010; Fang 
and Bhandari, 2010). However, in microspheres (a matrix system) the core is finely 
dispersed throughout a continuous matrix of the wall material (Ré et al., 2010). 
Comparison of a microcapsule and microsphere is given schematically in Figure 2.1. 
 
Figure 2.1 : Comparison of a (a) microsphere representing matrix system and  (b) 
microcapsule  representing reservoir system. 
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Core materials may exist in the form of a solid, liquid or gas and used most often in 
the form of a solution, dispersion or emulsion. The size of core material also plays an 
important role for diffusion, permeability or controlled-release applications (Ghosh, 
2006). These considerations should be taken into account during encapsulation 
process. 
Delivery systems used in food applications can be solid or liquid, depending on the 
matrix where they will be incorporated. Well-known examples of solid encapsulating 
systems are spray-dried and gel microparticles and for liquid systems liposomal and 
emulsified systems can be given as examples. Each of these delivery systems has 
specific advantages and disadvantages for encapsulation, protection, and delivery of 
food ingredients (Ré et al., 2010). In this study, encapsulating system is hydrocolloid 
gel microparticles. Detailed information about hydrocolloid gel microparticles will 
be given in the following parts. 
· Advantages of microencapsulation 
Microencapsulation can be used for many applications in food technology. The main 
advantages of microencapsulation process can be summarized as fallows (Ghosh, 
2006; Fang and Bhandari, 2010):  
Ø Protection of unstable, sensitive bioactive compounds from the unfavorable 
environmental conditions such as undesirable effects of light, moisture, 
oxygen and heat during the process or storage 
Ø Preventing degradative reactions (oxidation, dehydration), thus extending 
shelf life of the product 
Ø Better functionality and processability (improving solubility, dispersibility, 
flowability) 
Ø Controlled release of the active compound to the target site of the body 
Ø Safe handling of toxic materials 
Ø Masking undesired organoleptic properties such as taste, odor and colour 
Ø Enzyme and microorganism immobilization 
Ø Controlled and targeted drug delivery 
Ø Modification of the physical characteristics of substances to allow easier 
handling (e.g. handling liquids as solids)  
Ø Protection against nutrient loss 
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2.1.1 Encapsulation technologies 
Various techniques have been reported for encapsulation applications. In general, 
microencapsulation techniques are divided into two basic groups, namely chemical 
and physical. This classification of encapsulation techniques are given in Table 2.2. 
Table 2.2 : Classification of common microencapsulation techniques (Ghosh, 2006; 
Li, 2009; Sanguansri and Augustin, 2010; Umer et al., 2011). 
Chemical Methods Physical Methods 
 Physico-chemical Physico-mechanical 
· Polycondensation  · Coacervation · Spray drying 
· In situ polymerization · Phase seperation · Spray chilling 
· Interfacial · Ionotropic gelation  · Freeze drying 
polymerization · Solvent evaporation · Fluid bed coating 
 · Solvent extraction · Extrusion (dripping) 
 · Sol-gel encapsulation · Co-extrusion 
 · Supercritical CO2-
assisted 
· Spinning disc 
atomization 
  · Electrostatic 
encapsulation 
  · Rotary disc atomization 
  · Multiple nozzle spraying 
The choice of method used for microencapsulation depends on the properties of the 
core and wall materials used, the requirements of the target food application and 
economic considerations (Sanguansri and Augustin, 2010) 
2.1.2 Wall materials used in encapsulation 
Considerable amount of substances are known which can be used to encapsulate 
different types, origins and properties of solids, liquids or gases. Moreover, many 
studies have been done on this issue to find new types and sources of potential 
encapsulation materials. The wall material of encapsulates used in food products or 
processes should be food grade (Zuidam and Shimoni, 2010). However, only a 
limited number of these materials have been certified for food applications as 
“generally recognized as safe” (GRAS) materials. A summary of commonly used 
wall materials and their sources used in food industry are given in Table 2.3. 
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Table 2.3 : Wall materials and their sources used in food industry for encapsulation 
applications (Wandrey et al., 2010; Sanguansri and Augustin, 2010). 
Origin Carbohydrate Polymer     Protein Lipid 
Plant Starch and derivatives Gluten (corn) Fatty acids/alcohols 
 Cellulose and derivatives Isolates(pea,soy) Glycerides 
 Plant exudates  Waxes 
         -Gum arabic  Phospholipids 
         -Gum karaya   
         -Mesquite gum   
 Plant extracts   
 -Galactomannans   
 -Soluble soybean   
 Polysaccharides   
Marine Carrageenan   
 Alginate   
Microbial/ animal Xanthan Casein Fatty acids/alcohols 
 Gellan Whey proteins Glycerides 
 Dextran Gelatin Waxes 
 Chitosan  Phospholipids 
The wall material should be able to form a barrier for the active agent and its 
surroundings (Zuidam and Shimoni, 2010). The choice of suitable wall material and 
encapsulation technology depends on three main criteria: the application, cost and 
safety (Bansode et al., 2010; Chan, 2011). 
2.1.3 Types of encapsulated ingredients 
Various food ingredients that can be encapsulated is given in the following (Gibbs et 
al., 1999; Sanguansri and Augustin, 2010).  
· Flavouring agents 
· Essential oils and amino acids 
· Vitamins and minerals 
· Enzymes 
· Probiotics and other microorganisms 
· Preservatives and colorants 
· Lipids 
· Pesticides and herbicides 
· Agents with undesirable flavors and odors 
· Artifical sweeteners 
· Leavening agents 
· Redox agents (bleaching, maturing) 
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There are almost limitless applications for microencapsulated materials. They are 
utilized in agriculture, pharmaceuticals, foods, cosmetics and fragrances, textiles, 
paper, paints, coatings and adhesives, printing applications, and many other 
industries (Umer et al., 2011). 
2.1.4 Hydrocolloid gel microparticles and gelation methods 
Hydrocolloids are hydrophilic polymers, which generally contain many hydroxyl 
groups. They are primarily polysaccharides and proteins, which are derived from 
vegetable, animal, microbial or synthetic origins. Hydrocolloids are used for 
modifying many properties of food systems such as rheology, water binding, 
emulsion stabilization, prevention of ice re-cryztallization and enhancement of 
organoleptic properties (Burey et al., 2008; Skurtys et al., 2010). In addition to these 
properties, one specific use of hydrocolloids is in the form of gel particles for 
encapsulation purpose or texture control within food, pharmaceutical, medical and 
cosmetic products (Burey et al., 2008). Recently, this application of hydrocolloids is 
growing interest. Table 2.4, industrially important hydrocolloids and their sources are 
given. 
Table 2.4 : Industrially important hydrocolloids and their sources (modified from 
Burey et  al., 2008). 
Origin Specific Source Hydrocolloids Primary Use 
Plant  Starch, pectin, cellulose 
Thickener 
and/or 
gelling agent 
 
Alg  Red seaweeds 
Brown seaweeds 
Agar, carrageenan, 
Alginate 
Microbial  Curdlan 
Animal  Gelatin 
 
Hydrocolloid gel microparticles have many useful applications such as; 
Ø Structuring agents for food systems 
Ø Dispersed phases for texturizing applications in foods 
Ø Delivery systems for controlled release applications in pharmaceuticals, food 
and agricultural industries 
Hydrocolloid gel microparticles are formed by gelation method as an encapsulation  
technology. Gelation phenomena is simply based on the formation of a solution or 
the emulsification of the core material in an aqueous solution containing a 
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hydrocolloid which is capable of forming a gel under an external physical or 
chemical effect (Ré et al., 2010). 
There are many techniques for physical gelation of hydrocolloids. These techniques 
are named depending on the effect which initiates gelation, such as thermal and 
ionotropic gelations. 
2.1.4.1 Thermal gelation 
In thermal gelation method, an aqueous solution is made by dissolving a 
hydrocolloid (such as gelatin and agar) in water at high temperature and then cooling 
to room temperature. During cooling of the solution, some structural changes occur 
and enthalpically stabilized chain helices may form from segments of individual 
chains, leading to a three-dimensional network (Ré et al., 2010). 
2.1.4.2 Ionotropic gelation  
Ionotropic gelation includes the cross-linking of hydrocolloid (such as alginate, 
carrageenan and pectin) chains with ions. A well known example of this method is 
the formation of alginate beads by dripping an aqueous alginate solution into a bath 
containing calcium chloride (CaCl2) to form the insoluble calcium-alginate (Burey et 
al., 2008; Ré et al., 2010). Ionotropic gelation can be achieved by either external or 
internal gelation. This method will be expained detailed in part 2.2.3. 
2.1.5 Physical properties of hydrocolloid gel beads  
Physical characteristics such as size, shape, volume, specific gravity, surface area, 
bulk density etc. are important in the study or consideration of hydrocolloid bead 
properties (Nussinovitch, 2010; Chan et al., 2012). In the literature, studies about the 
physical properties of hydrocolloid beads are generally tend to their mechanical 
properties. Except mechanical properties, there is not much information on the 
physical properties of beads. In food applications, particle characteristics such as 
size, size distribution and shape affect sensory properties during incorporation of 
encapsulated ingredient into food product (Chan et al., 2012). Thus, size and shape 
are accepted as two important characteristics of beads which should be consired 
during bead production.  
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2.1.5.1 Bead size 
Hydrocolloid beads can be formed in the nanometer, micrometer or millimeter size 
ranges. The size of wet beads is influenced by diameter of nozzle and viscosity of 
polymer solution. However, drying may affect the size and shape of final dry beads 
(Smrdel et al., 2008). Also application of high electrostatic voltage to set-up provides 
reduction in bead size. In the size analysis, generally diameters of beads are 
considered. Bead size can be measured by using a caliper, micrometer or digital 
microscope (Nussinovitch, 2010).  
2.1.5.2 Bead shape 
Hydrocolloid beads are expected to be produced in a spherical shape. However, 
during production, deviations from sphericity may occur, and as a result, spheroid 
and ellipsoid beads may be produced. These shape deviations are quite common. In 
addition, beads may undergo a shape change during drying process. Therefore, shape 
and size are essential parameters for adequately describing hydrocolloid beads 
(Nussinovitch, 2010). Sphere is one of the most commonly occuring shape in nature. 
The sphere’s ability to enclose the greatest volume for a given surface area explains 
the frequency of its appearance in nature. The most commonly occuring bead shapes 
are could be classified into four basic types: spherical-shaped, tear-shaped, pear-
shaped and egg-shaped (Chan et al., 2009). Besides this classification, the shape of a 
bead can be described by using different terms such as spheroid, prolate and oblate, 
etc. A spheroid is an ellipsoid two equal semi-diameters. If the ellipse is rotated 
about its major axis, the result is a prolate (elongated) spheroid, like a rugby ball. If 
the ellipse is rotated about its minor axis, the result is an oblate (flattened) spheroid 
(Nussinovitch, 2010). Figure 2.2, common terms used in the literature to describe the 
shape of a bead are given.  
 
Figure 2.2 : Different terms used to describe the shape of a bead in the literature. 
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Many bead manufacturers want to produce spherical beads with good mechanical 
properties. The production method, solution properties such as viscosity, interfacial 
tension etc., ingredients and additives may influence the final shape of produced 
beads. A shape index is a dimensionless number which is used to describe the shape. 
Some shape indexes that commonly used are explained in the following. 
ü Sphericity 
Sphericity is a measure of how spherical (round) an object is. Sphericity can be 
estimated by different methods, however the easiest way is to use a formula. In the 
literature, not many articles have dealt with roundness and sphericity of hydrocolloid 
beads. An estimate of the deviations of hydrocolloid beads from sphericity is 
important in mass and heat transfer studies (Nussinovitch, 2010).  
The sphericity factor (SF) of alginate beads is calculated by using the following 
formula (2.1). 
)(
)(
minmax
minmax
dd
dd
SF
+
-
=        (2.1) 
In accordance with this formula, if the SF < 0.05, the bead is accepted as spherical. 
In other words, if the sphericity value is close to zero, it can be consired spherical. 
Higher SF values mean significant shape deformations (Chan et al., 2009; 2012). 
Sphericity factor is the most commonly used shape parameter because it can describe 
the relative change of the particle shape more efficiently (Chan et al., 2009). 
ü Aspect ratio 
The aspect ratio (AR) is one of the dimensionless shape indicators and described as 
the ratio of the particle’s width and length dimension. For a sphere-like particle, 
these dimensions are specified as dmax and dmin. Aspect ratio of beads is estimated 
by using the following formula (2.2). 
min
max
d
d
AR =
 
(2.2) 
In sphericity factor and aspect ratio formulas given above; 
        dmax: maximum diameter (mm) 
        dmin: minimum diameter perpendicular to dmax (mm). 
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The AR varies from unity for a perfect sphere to approaching infinity for an 
elongated particle (Chan et al., 2009). In Table 2.5, comparison of dimensionless 
shape indicators used in this study and the corresponding particle shapes are given in 
order to see how these parameters change when the particle shape is deformed. 
Table 2.5 : Comparison of dimensionless shape indicators and corresponding 
particle shapes (Chan et  al., 2009). 
Dimensionless 
shape parameters    
 
 Spherical Oblate Egg-shape Tear/pear shape 
Aspect ratio 1.0 1.1 1.2 1.6 
0.22 Sphericity factor 0.0016 0.05 0.077 
 
These parameters can be used either to describe shape of alginate droplet (before 
gelation) or shape of ca-alginate bead (after gelation). Sphericity factor will be 
discussed more detailed in shape analysis part of the study. 
In a recent study, Chan et al. (2009) has a detailed study on development of 
prediction models for shape and size of Ca-alginate macrobeads produced through 
extrusion-dripping method. In their study, physical properties of alginate and 
experimental set-up were modified. However, physical properties of gelling bath 
were not varied in their experiments. In our study, besides changing physical 
properties of alginate, changing physical properties of gelling bath is offered. 
2.2 Alginate 
Carbohydrate polymers such as alginate have been used in various food applications 
including encapsulation techniques (Homayouni et al., 2007). Alginate, a water-
soluble salt of alginic acid, is a natural, anionic and linear heteropolysaccharide 
which is obtained from cell wall or intracellular spaces of marine brown algae and 
certain species of bacteria (Chan et al., 2009). Alginic acid, an intermediate product 
of commercial alginate production, is the free acid form of alginate and has limited 
stability. By adding different salts, alginic acid is converted into stable, water-soluble 
commercial alginate products such as Na-, K-, Mg-, Ca-alginate. In Figure 2.3, 
chemical structure of sodium alginate molecule is given. 
13 
 
Figure 2.3 : Chemical structure of the sodium alginate molecule (Homayouni et al., 
2007). 
2.2.1 Uses of alginate in industry 
Alginate has been widely used in food, textile, pharmaceutical industries due to their 
ability to absorb and retain water, gelling, thickening (viscosifying) and stabilising 
properties (Doumèche, 2002; Draget and Taylor, 2009). It is commonly used as a 
carrier matrix in many encapsulation applications of biotechnology, biomedical, 
pharmaceutical, food and feed industries due to their natural, biodegradable, 
biocompatible, non-toxic and hydrophilic nature (Rezende et al., 2007; Chan et al., 
2009; Devi et al., 2010).  
2.2.2 Physicochemical properties 
Alginate is composed of (1-4)-linked β-D-mannuronic acid (M-blocks) and (1-4)-
linked α-L-guluronic acid (G-blocks) residues arranged in a nonregular and 
blockwise way along the polymer chain (Chan et al., 2009; Manojlovic et al., 2008). 
The chemical structures of M- and G-blocks are given in Figure 2.4.  
 
Figure 2.4 : Chemical structure of β-D-mannuronic acid (M) and α-L-guluronic acid 
(G) (Stevens et al., 2004). 
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Monomeric M- and G-residues in alginate molecules may also form different 
fractions such as homopolymeric M-blocks (MMMM) and G-blocks (GGGG) or 
heteropolymeric M- and G-blocks (MGMG) (Chan et al., 2002; Draget and Taylor, 
2009). The ratio of mannuronic acid to guluronic acid (M/G), chemical composition 
and the structure of the polymer varies depending on the source and determine the 
solution properties of alginate (Erstevag and Valla, 1998; Rezende et al., 2007; 
Homayouni et al., 2007). The distribution and ratio of G-, M- and MG- blocks in 
alginate molecule is determined by H-NMR spectroscopic analysis (Manojlovic et 
al., 2008).  In some studies, the ratio of M and G fractions in alginate molecule is 
found in a range of 0.10-0.75 (Grasdalen, 1983).               
The most important feature of alginate’s physical properties is almost temperature 
independent and biocompatible hydrogel formation in the presence of multivalent 
cation (such as Ca2+) which is the basis for gel formation (Chan et al., 2009). 
However, the affinity of ions are not equal for the guluronic and mannuronic acid 
units of alginate. Among the fractions in alginate molecule, G blocks are responsible 
for the three dimentional “egg-box” structure formation with divalent cations or 
heavy metals during alginate gelation (Sriamornsak and Kennedy, 2010; De and 
Robinson, 2003). Use of alginate having a high guluronic acid content increases 
selective binding of certain ions, and important for the mechanical properties of the 
resulting alginate gel particles (Draget and Taylor, 2009; Leick et al., 2010). General 
alginate block structure and egg-box model are given in Figure 2.5. 
 
Figure 2.5 : (A) General homopolymeric and heteropolymeric alginate block  
structure; (B) “egg-box” model (Alnaief et al., 2011). 
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Ion-binding properties of alginates are the basis of their gelling behaviour and make 
alginate highly suitable as an entrapment matrix for bioactive compounds, enzymes 
or living cells (Draget and Taylor, 2009; Rayment et al., 2009; Devi et al., 2010). In 
a recent study, Draget and Taylor (2009) has reported a detailed review about 
chemical, physical and biological properties of alginates and their biomedical 
implications. 
2.2.3 Production of alginate gel beads 
The most commonly used method to produce alginate beads is ionotropic gelation 
method which is briefly described in part 2.1.4. Alginate microspheres (beads)/ 
microcapsules are commonly produced by extrusion or emulsion techniques 
(Homayouni et al., 2007; Fundueanu et al., 1998). Alginate beads can be produced 
by the external (Chan et al., 1997) or internal (Poncelet et al., 1992; Chan et al., 
2002) gelation principles in which calcium ions are used as crosslinkers. Extrusion 
involves external gelation by dripping methods. These methods consist of droplet 
formation by pumping alginate solution through a nozzle and solidification of falling 
alginate droplets in a hardening solution by ionic gelation principle. Size of produced 
beads varies between 2-5 mm. Emulsion, using internal gelation involves the 
production of stable emulsion of alginate containing calcium carbonate in oil. The 
addition of an organic acid aids to liberate carbonic acid and the remaining divalent 
calcium ions in the medium crosslink alginate and form alginate capsules. Other 
technologies have been used to produce alginate microcapsules such as spinning disk 
atomization, spray drying etc. are less common (Knezevic et al., 2002; Michael 
Cook, 2010). 
· Ionotropic gelation of alginate 
In the ionotropic gelation method, alginate is dissolved in water or in weak acidic 
medium such as chitosan. Then, this solution is added dropwise into the receiving 
solution containing divalent cations under gentle stirring. Due to the reaction 
between oppositely charged cations, alginate undergoes ionic gelation and precipitate 
as the form of spherical particles, namely beads. These beads are removed by 
filtration or sieving, washed with distilled water and dried (Racovita et al., 2009). 
The shematic drawing of ionotropic gelation of alginate is given in Figure 2.6. 
and internal gelation which are given in the following title. 
                                    
 
 
 
 
 
 
 
               
                                      
 
Figure 2.6 : Ionotropic gelation of alginate molecule with Ca
egg-box structure (adapted from Gulrez et al.,2011).
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For ionotropic gelation, calcium ions are most commonly used because of their low 
cost and low toxicity, suitability for biological and industrial processes, but 
gellification also occurs with other ions (Doumèche, 2002). Many researches indicate 
that different ions show different affinities which may be listed as following order: 
Pb2+ > Cu2+ > Cd2+ > Ba2+ > Sr2+ > Ca2+ > Co2+ = Ni2+ = Zn2+ > Mn2+ 
As it is observed from the list, some divalent cations such as Cu2+, Pb2+ have a 
greater affinity to alginate than Ca2+, but toxicity of these ions limits their use 
(Nussinovitch, 2010). Depending on the ions used in gelification, differences in the 
mechanical properties of the beads are observed. Ions having higher affinity to 
polymer lead usually to gels with higher rigidity (Doumèche, 2002). 
A direct mixing of alginate and multivalent cations rarely produces homogeneous 
gels due to the very rapid and irreversible binding of such ions. A controlled 
introduction of cross-linking ions is required to achieve a convenient gelation process 
(Draget and Taylor, 2009). The two way of achieving this are external 
Ø External gelation 
External gelation involves the introduction of a hydrocolloid solution into an ionic 
solution and diffusion of ions from outside into the hydrocolloid solution. Due to the 
diffusion of ions, gelation occurs. External gelation is the easiest and most 
commonly used traditional method for encapsulation applications by ionotropic 
gelation. In this method, simply Ca2+ ions found in CaCl2 solution diffuse into the 
alginate droplets and induce crosslinking of the guluronic acid content (Liu et al., 
2002). However, it can often cause inhomogeneous gelation of gel particles due to its 
diffusion-based mechanism. In some cases, surface gelation may occur prior to core 
gelation and results formation of gel particles with firm outer surfaces and soft cores 
(Burey et al., 2008; Ré et al., 2010). 
Ø Internal gelation 
Unlike external gelation, internal gelation consists of the dispersion of ions prior to 
their activation to induce gelation of alginate. This is achieved by the addition of an 
inactive form of the ion that will cause cross-linking of the hydrocolloid. After the 
ion dispersion is sufficiently complete, it is activated by a change in pH, etc. In 
application, this is a form of emulsion technique in which an alginate solution is 
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dispersed in an oil dispersion containing an insoluble calcium citrate complex. 
Addition of an oil soluble acid such as glacial acetic acid initiates release of calcium 
ions which reacts with alginate and form a gel (Marison et al., 2004). The advantage 
of internal gelation is being a useful alternative in hydrocolloid systems, which can 
gel rapidly and may result inhomogeneous gels if gelation occurs before adequate ion 
dispersion has provided in the medium (Burey et al., 2008; Ré et al., 2010).  
2.2.4 Alginate gel microparticles and their properties 
The production methods of alginate gels were given in part 2.2.3. Gelation process of 
alginate forms a matrix for various drug delivery systems, such as gels, films, beads 
(microspheres, microparticles) (De and Robinson, 2003).  
Hydrocolloid gel particles such as alginate beads, which are the subject of this study, 
have found great potential in the encapsulation of drugs (Sezer and Akbuga, 1999; 
Acartürk and Takka, 1999), proteins and enzymes (Dashevsky, 1998; Gombotz and 
Wee, 1998; Degroot and Neufeld, 2001), cells (Smidsrod and Skjak-Braek, 1990; 
Sugiura et al., 2007), DNA (Quong and Neufeld, 2000), probiotics (Lee et al., 2004; 
Chan et al., 2011), flavors (King, 1988) and nutrients (Desai et al., 2005). Alginate 
microspheres have been extensively used as delivery system because they are easy to 
produce, non-toxic, the process requires mild conditions, any bioactive ingredient 
can be encapsulated (Belyaeva et al., 2004; Rezende et al., 2007). There is a soda 
type of drink that contains colored gel beads floating inside it in the market (Url-1). 
Alginate gel structure is relatively stable at acidic conditions however, it is easily 
swollen and disintegrated under mild alkali conditions. Due to this property, alginate 
gels have been used as an effective controlled release carrier in forms of matrix, 
microsphere (bead) and microcapsule (Yoo et al., 2006). It has been reported that the 
properties of resulting alginate gels are affected by the characteristics of the alginate 
polymer and the production method (Liu et al., 2002; Strand et al., 2004). High-G 
alginates form more homogeneous gels than high-M alginates and leads lower bead 
deformability (Leick et al., 2010). If M-rich alginate type is used for gelification, 
resulting gel beads are softer and more fragile, and may also have lower porosity. 
This is due to the lower binding strength between the polymer chains and to the 
higher flexibilities of the molecules. The gelification process is highly depends on 
diffusion of gelification ions through the polymer network. M/G ratio of alginate 
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type highly affects the trasmittancy, swelling and viscoelasticity properties of 
alginate structures (Rezende et al., 2007).  
Whatever the technique used (thermal or ionotropic gelation), gel particles are 
generally produced in two step procedure involving a droplet formation and 
hardening steps. The droplet formation step determines the mean size and the size 
distribution of the resulting gel particles. The main procedures used dor droplet 
formation are droplet extrusion (dripping), spraying and emulsification. 
2.3 Dripping Methods 
Methods for gel formation include emulsification techniques and dripping methods 
where the core polymer is dripped into a solution containing polymer for 
coacervation or a crosslinking agent. The most classic and popular way to produce 
mono-dispersed and spherical ca-alginate beads is bu using the dripping techniques 
(Chan et al., 2009). The dripping phenomenon has been commonly studied in  
encapsulation researches. In simple dripping method, the alginate solution is 
extruded through a capillary at a certain volumetric rate and allowed to drip as drop 
per drop under gravity.  
Extrusion is simply defined as producing a small droplet of a wall material by 
forcing the solution through nozzles or small openings found in droplet generation 
devices (Vos et al., 2010). Different extrusion techniques for droplet formation have 
been established such as simple dripping, vibrating nozzle, laminar jet break-up, 
coaxial air-flow method, spinning disc atomizer, rotating nozzle atomizer, multi-
nozzle system, electrostatic dripping methods (Heinzen et al., 2002; Prüße et al., 
2002; Chan et al., 2009; Ré et al., 2010). Schematics of these techniques are shown 
in Figure 2.7. 
The size of the polymer droplet can also be reduced by breaking up extruded 
polymer solution by a vibration device or a cutting device or changing nozzle 
diameter. In electrostatic dripping, an electrostatic potential is created potential 
between the gelling bath and the needle, and electrostatic forces pull the droplets off 
the needle. The advantage of electrostatic dripping is to allow producing beads 
having smaller diameters < 200 µm (Strand et al., 2004).  
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Figure 2.7 : Schematic representation of the different techniques for drop formation 
step in gelation (a) droplet extrusion; (b) electrostatic dripping; (c) 
laminar jet breakup; (d) jet-cutting; (e) jet nebulizer; and (f) disk 
nebulizer (Ré et al., 2010). 
Electrostatic dripping yields highly monodisperse and spherical beads with a uniform 
microsphere distribution within them. On the other hand, uncontrolled simple 
dripping yields polydisperse non-spherical beads with a non-uniform distribution of 
the beads. Despite this disadvantage, simple dripping is preferred due to being easy. 
Poncelet et al. ( 1999) studied the theory of formation of hydrogel beads by simple 
dripping and electrostatic dripping.   
Many encapsulation methods consist of extruding a liquid drop per drop into another 
liquid. The contact of the droplets with the gelling bath (e.g. CaCl2) lead to a 
solidification or membrane formation at the interface of droplets. Encapsulation by 
dripping has been divided in four steps: 
Ø Droplet formation at the end of the nozzle 
Ø Fall of the droplets in air 
Ø Droplet penetration in the liquid 
Ø Bead formation and hardening 
The process of dripping is generally analyzed by the observation of resulting beads. 
In this study, a more direct observation using a high speed camera is proposed to 
have a better understanding about different steps of dripping technique. Particularly, 
this study focus on penetration step of dripping technique.  
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2.3.1 Droplet formation 
Droplet formation is the first step of dripping technique. A liquid pendant alginat 
droplet grows at the nozzle tip until the surface tension force no longer supports the 
weight of the droplet which acts as a downward force and hold the droplet at tip. At 
this instant, alginate droplet detaches from the nozzle tip and falls through the gelling 
bath to form a bead (Chan, 2011). When the alginate droplet detached from the 
nozzle tip, it is not spherical and appeares in tear-shaped. The shape of falling droplet 
evolves from tear and egg-shaped droplets to spherical droplets due to the surface 
tension effects (Chan et al., 2009). Use of high-speed camera may help to have a 
better understanding and observation of this shape transition. 
2.3.2 Penetration 
The fluid mechanics of drop impact with surfaces is of importance in a variety of 
different fields. The surface that liquid drops or solid particles hit through may be 
either solid or liquid. In addition to this, the drop and the target liquid may be the 
same or different from each other. Many applications involve the impact of liquids 
on solids such as ink jet printing, spray cooling, spraying of pesticides, etc. The 
impact of liquids on liquids is also important for the formation of capsules or gelled 
beads such as alginate beads (Pregent et al., 2009). 
Penetration is broadly defined as the act of entering into or through something. In 
encapsulation, penetration is used to describe the entering of one phase into another 
phase such as entering of alginate droplet into calcium chloride solution in dripping 
systems. In encapsulation systems based on gelation principle, proper penetration of 
polymer drop into gelling solution is an important criteria of the process in order to 
obtain desired spherical shaped beads and capsules. Shapes of the beads are strongly 
affected by penetration process. It may cause some shape distortions on the beads. 
Penetration of liquid drops, solid particles (ball, etc.) into liquids, onto solid or 
powder mediums were studied in the literature. However, there is not a specific study 
about penetration of alginate droplets into calcium chloride solution. All these 
penetration applications involve deformation of liquid drops or liquid surfaces, cavity 
and vortex ring formations due to the impact. 
In this study, only phenomena of liquid drop falling through liquid surface is 
discussed. As a liquid drop falling from a certain distance hits through a liquid 
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surface, if the impact energy is high enough, the impact of a drop on a liquid surface 
causes to the formation of a crater in the liquid. If both liquids are the same, drops 
produce vortex rings that penetrate more deeply into the bath due to the impact. As a 
drop falls it oscillates through shapes that can be characterized as oblate, spherical 
and prolate. Different shape deformations of a liquid drop during impact and 
penetration are given in Figure 2.8. 
When solid spheres impact onto a viscoelastic bath, Mouchacca et al. (1996) showed 
that the sphere reached a depth where it oscillated and moved upward due to the 
viscoelasticity of the bath. According to this knowledge, penetration depths of 
alginate beads are measured in order to compare the influence of physical properties 
of solutions. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.8 : Desired spherical shape and different shape deformations of a liquid 
drop during impact and penetration. 
2.3.2.1 Factors affecting penetration process 
In the literature, physical properties of different solutions such as viscosity, surface 
tension etc. have been studied in different systems. 
· Viscosity 
Viscosity is a measure of the resistance of a fluid which is being deformed by either 
shear or tensile stress. In a recent study, Pregent et al. (2009) focus on the 
deformation and conditions of detachment of viscoelastic droplets after impact onto a 
liquid surface. In their study, the cavity formed at the surface of the bath, the 
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deformation of the drop, and the drop/air interface at the surface of the bath, have 
been studied for a range of drop viscosities and elasticities. It is reported that, control 
of many parameters such as the viscoelasticity of the drop and bath solutions, the 
kinetic energy of the drop at the moment of impact on the surface of the bath, and the 
surface tension is essential in order to obtain the detachment of drops from the 
surface of the bath (Pregent et al., 2009). According to their study, it is concluded 
that the viscosity and kinetic energy of the drop are the main parameters that 
inﬂuences penetration and deformation of the drop.  
· Surface tension 
Surface tension is a property of the surface of a liquid that allows it to resist an 
external force. Surfactants (surface active agents) which are amphiphilic materials 
containing a hydrophilic "head" and a hydrophobic "tail" are used to modify surface 
tension of a solution (Domínguez et al., 1997). Micelles are spherical structures on 
whose surface the hydrophilic heads of the surfactant molecules are gathered 
together whereas the hydrophobic tails project inwards. Critical micelle 
concentration (CMC) is defined as the concentration of surfactants above 
which micelles form and almost all additional surfactants added to the system go to 
micelle structures (Domínguez et al., 1997; Puasa et al., 2011). The CMC is an 
important characteristic of a surfactant. Before reaching the CMC, the surface 
tension (γ) changes strongly with the concentration of the surfactant. After reaching 
the CMC, the surface tensions remains relatively constant or changes with a lower 
slope (Puasa et al., 2011). In this study Tween 20 (Polysorbate 20, Polyoxyethylene 
sorbitan monolaurate, C58H114026) is used to modify surface tension of solutions. 
Tween 20 is a widely used nonionic surfactant which consist of hydrophilic head 
with no charge due to being inexpensive, nontoxic, chemically inert, pH neutral, 
water and organic soluble, environmental friendly and effective to decrease surface 
tension at low concentration since they have good cold water solubility and low 
CMC value (Yang, 2008; Puasa et al., 2011). The hydrophilic-lipophilic balance 
(HLB) of Tween 20 is 16,7. In the literature, CMC of Tween 20 is reported in a 
range of 0,044-0,0987 g/L (Pennell et al., 2000; Yang 2008).   
In the literature, to our knowledge there is only one study which gives limited 
information about penetration of alginate droplet. In that study, Haeberle et al. (2007) 
reported that addition of a surfactant (0,1 wt-% Tween 20) supports the swift 
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penetration of alginate droplet into the liquid bulk. In another study, Chan et al. 
(2009) also added a certain amount of surfactant into gelling bath in their study, but 
there was no information about why surfactant is added or how it affected the 
resulting beads. 
2.4 Use of High Speed Camera 
High-speed camera is a useful tool to observe fast moving objects or falling droplets. 
It may allow capturing hundreds or thousands of images of target object. After 
recording, the images stored on the media and can be played back in slow motion. 
Thus, it provides opportunity to observe the phenomena in a detailed way. In the 
literature, high-speed camera is frequently used in science in order to characterize 
events. 
Kim et al. (2009) has studied on fine droplet formation by electrospray technique and 
high-speed visualization of the detailed structure of electrospray.   
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3. MATERIALS AND METHODS 
3.1 Materials 
3.1.1 Chemicals 
Sodium alginate powder ALGOGEL 3001 was obtained from Cargill (France). 
Algogel 3001 has a high guluronic acid content (M/G ratio). Typical properties of 
alginate used in this study is given in Table 3.1. 
Table 3.1 : Typical properties of alginate used in this studya 
Alginate type Algogel 3001 
Molecular Weight (Da) 151,200 
M/G Ratiob 0.64 
Viscosity at 10 g/L (cps)c  30-60 
Ash (dried basis) (%) 26.7 
Humidity (%) 14 
                                a Information was provided by the manufacturer 
    b The ratio of  β-D-mannuronic acid (M) and α-L-guluronic acid  (G) 
                  c Viscosity was measured by using a Brookfield Viscometer at 20°C 
 
Calcium chloride 2-hydrate powder (CaCl2.2H2O) was purchased from Panreac 
(Spain). Glycerol used in the study was 99,5 % pure and obtained from Labogros 
(France). Surfactant (Tween 20) and all the other chemicals used in the study was 
obtained from Sigma-Aldrich (St. Louis, MO USA). 
3.1.2 Equipments 
In this study, basic overhead stirrer (Labortechnik RW 16), magnetic stirrer (MR 
3004), rotational viscometer (Haake VT 550, USA), tensiometer (KRÜSS K12, 
France), digital microscope (Dino-Lite, Netherlands), high speed camera (Phantom V 
7.3, USA), syringe pump (KD Scientific, USA), hypodermic syringes (Terumo, 
Tokyo) and and nozzles (Nordson, EFD, France) were used.  
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3.2 Methods 
3.2.1 Preparation of alginate solutions  
In this study, the working range of alginate concentration was 10-35 g/L. For each 
concentration, appropriate amount of alginate powder was weighed and dissolved in 
distilled water under high speed mixing to prevent the stickiness problem and obtain 
desired well-mixed solution. The solutions were left standing for 24 hours to remove 
bubbles before use. 
3.2.2 Preparation of CaCl2 and CaCl2-glycerol solutions 
In all steps of the study, 20 g/L calcium chloride (CaCl2) solution was used as gelling 
solution. For this purpose, appropriate amount of calcium chloride 2-hydrate powder 
(CaCl2.2H2O) was weighed and dissolved in distilled water by stirring at least 1 hour 
on a magnetic stirrer. 
For penetration study, in order to observe the effect of viscosity on penetration 
process, glycerol was added to modify the viscosity of gelling solution. For this 
purpose, 5-90 % (v/v) glycerol was added into CaCl2 solution and mixed on a 
magnetic stirrer to obtain the desired viscosity range. During the preparation of all 
solution series, the calcium (Ca) amount in the medium was kept constant. For this  
purpose, 20 g/L calcium chloride 2-hydrate powder was weighed for each solution 
and depending on the concentration a certain volume of glycerol was added to the 
solution, remaining volume is completed by adding distilled water (v/v). 
Table 3.2 : Total number of solutions used in dripping device to study the effect of 
viscosity on penetration depth of alginate droplets into CaCl2 solution, 
size and shape of Ca-alginate beads (S1-36 : Sample number). 
Glycerol Concentration in 
20 g/L CaCl2 Solution 
(v/v) 
Alginate Concentration (g/L) 
10 15 20 30 
0 S1 S10 S19 S28 
5 S2 S11 S20 S29 
10 S3 S12 S21 S30 
30 S4 S13 S22 S31 
50 S5 S14 S23 S32 
70 S6 S15 S24 S33 
80 S7 S16 S25 S34 
85 S8 S17 S26 S35 
90 S9 S18 S27 S36 
 
 
27 
As it is indicated in Table 3.2, 36 different Ca-alginate batches were produced by 
using 4 different alginate concentrations having different viscosities and 9 different 
CaCl2 viscosities. All experiments were done as three replicates. 
In order to observe the influence of surface tension on penetration process, surfactant 
(Tween 20) was added to decrease surface tension of gelling solution. For this 
purpose, 0,01-1 g/L Tween 20 was added into CaCl2 solution and mixed on a 
magnetic stirrer to reduce surface tension of solution. During the preparation of all 
solution series, the calcium (Ca) amount in the medium was kept constant. 20 g/L 
CaCl2 solutions were prepared and different concentrations of Tween 20 was added 
into the solution. 
As it is indicated in Table 3.3, 24 different Ca-alginate batches were produced by 
using 4 different alginate concentrations and 6 different CaCl2 solutions having 
different surface tensions. All experiments were done as three replicates. 
Table 3.3 : Total number of solutions used in dripping device to study the effect of 
surface tension on penetration depth of alginate droplets into CaCl2, size 
and shape of Ca-alginate beads (S1-S24 : Sample number). 
Tween 20 Concentration 
in 20 g/L CaCl2 Solution 
(g/L) 
Alginate Concentration (g/L) 
10 15 20 30 
0 S1 S7 S13 S19 
0,01 S2 S8 S14 S20 
0,025 S3 S9 S15 S21 
0,05 S4 S10 S16 S22 
0,1 S5 S11 S17 S23 
0,5 S6 S12 S18 S24 
 
3.2.3 Measurements of physical properties of solutions 
In the study, viscosity and surface tension of solutions were measured to investigate 
effect of these physical properties on alginate droplet penetration into CaCl2 solution, 
size and shape analysis of Ca-alginate beads. 
3.2.3.1 Viscosity measurement of solutions  
The viscosities of alginate and CaCl2 solutions were determined by using a 
viscometer (Haake VT 550, USA) using Rheowin Job Manager software. To 
determine the viscosity, approximately 50 ml of solution was taken and shear rate in 
the range 0-300 s-1 was applied. The sample placed into the chamber was first 
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subjected to an increasing shear rate from 0 to 300 s-1, then without waiting it was 
subjected to a decreasing shear rate from 300 to 0 s-1, for 60 sec. During the 
viscosity measurements, the temperature was kept at 25°C. 
3.2.3.2 Surface tension measurement of solutions 
The surface tensions of solutions were determined by using a tensiometer (KRÜSS 
K-12, France) using LabDeskTM software. For the surface tension measurement, 
approximately 70 ml of each solution was used for the analysis and the temperature 
was kept at 25°C. 
3.2.4 Experimental set-up and production of Ca-alginate beads 
Alginate solution was filled into a hypodermic syringe (Terumo, Tokyo) which was 
directly connected to a syringe pump (KD Scientific, USA). A nozzle having desired 
diameter was fixed to the syringe. CaCl2 solution was placed in a beaker and located 
under syringe. Alginate solution was extruded dropwise into the calcium bath. A 
gentle mixing was applied to CaCl2 solution to prevent sticking of the beads to each 
other. 
To study the effects of viscosity, different alginate concentrations were prepared. The 
viscosity of CaCl2 solution was altered by adding different amounts of glycerol. On 
the other hand, to study the effects of surface tension, different amounts of surfactant 
(Tween 20) was added to CaCl2 solution. In the experiments, the gelation bath 
consisted of 20 g/L CaCl2 solution having different physical properties was used. The 
main parameters studied in this study is illustrated in Figure 3.1. 
 
Figure 3.1 : Schematic illustration of certain parameters involved in this study. 
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In the experimental set-up, flow rate was set as 100 ml/h, the distance between the 
nozzle tip and collection bath was 20 cm and nozzle diameter was 0,6 mm. After 
droplet penetration, beads were let to harden for 30 minutes to assure complete 
gelation. Then, the beads were filtered by using a sieve and rinsed with distilled 
water to stop gelation process. Beads were hold in CaCl2 solution until size and 
shape analysis. 
3.2.5 Use of high speed camera  
Encapsulation process by dripping method is divided into three steps; droplet 
formation, fall of droplet and penetration into bath. Images of all these steps were 
recorded and observed by using a Phantom V 7.3 high-speed camera (Vision 
Research, USA) at 400 images per second. 
3.2.6 Droplet falling velocity and kinetics energy calculations 
In order to understand if the falling drop has enough energy to break the surface and 
penetrate into the CaCl2 solution, droplet velocity (V, m/s) and the kinetics energy 
(E, J) profiles were calculated by measuring the distance covered by the droplets 
during a certain time. During this experiment and calculations, the influence of air 
drag is neglected. Kinetics energy of bead is estimated by using the following 
formula (3.1).         
                                               2
2
1
mVE =                                                               (3.1) 
 
where  m is mass of alginate droplet (kg), V is velocity of alginate droplet (m/s).                                                                                                                             
3.2.7 Penetration depth measurement 
For penetration studies, as a quantitative way penetration depth of alginate bead was 
measured. For this purpose, a ruler was fixed near beaker and each bead production 
was recorded by using a digital and high-speed camera. With the help of camera 
recording, penetration depth of at least 25 beads was measured and average 
penetration depth was calculated for each batch. The shematic illustration of set-up 
used for penetration depth measurements is given in Figure 3.2. 
Figure 3.2 : Schematic illustration of set
in the study. 
3.2.8 Bead characterization  
After penetration step, Ca-alginate beads were let to harden in gelling solution for 30 
min. Then, beads were sieved and rinsed with distilled water. For characterization of 
beads, size and shape analysis were done.
3.2.8.1 Size analysis of beads 
Morphological observations, size analysis of the beads were made by using a digital 
microscope (Dino-Lite, Netherlands). As a representative of whole batch, at least 25 
beads from each batch were randomly selected for the study. The diameter (Dmax, 
Dmin) of beads were measured by a pre
images were captured throug a digital camera connected with the microscope. The 
average size of the beads from each batch was calculated by using Microsoft Excel 
and expressed as the mean diameter (mm) ± standard dev
3.2.8.2 Shape analysis of beads 
The images of the alginate drops during falling (before gelation) and after gelation 
were captured for shape analysis. The shape of alginate droplets and beads were 
quantified by using dimensionless shape indicators as 
measurement was performed by using same analysis programme used for size 
analysis and all calculations are done by using Microsoft Excel.
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Table 3.4 : Descriptions of dimensionless shape indicators used in the study. 
Dimensionless 
Shape Indicator 
Equation  Definitions/Remarks 
Aspect ratio 
(AR) AR=dmax/dmin 
The AR value is found in a range from 
unity for a perfect sphere to approaching 
infinity for an elongated particle 
 
Sphericity 
factor 
(SF) 
SF=(dmax-dmin)/ 
(dmax+dmin) 
The SF value effectively indicates the 
shape deformation and varies from 0 for a 
perfect sphere to approaching unity for an 
elongated particle 
dmax:maximum diameter (mm). 
dmin: minimum diameter perpendicular to dmax (mm). 
3.2.9 Statistical analysis 
All the given values are the average of results obtained from three replicates of 
analysis. Standard deviations are also given with the values. For the statistical 
analysis SPSS v.15 statistics programme (SPSS Inc., Chicago, USA) was used. Data 
that prepared using Microsoft ® Office Excel 2007 were transferred to SPSS and 
analysis of variance (ANOVA) was performed. Statistically significance difference 
(p<0,05) was evaluated by applying Duncan’s multiple range test to the results. 
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4. RESULTS AND DISCUSSION 
4.1 Physical Properties of Solutions 
4.1.1 Viscosity 
The results of viscosity measurement of alginate solutions prepared at various 
concentrations are given in Figure 4.1. It can be seen on the graph that, as the 
alginate concentration increased, the viscosity of the solution increased in an 
exponential manner.  
 
Figure 4.1 : Viscosity graph of alginate solutions prepared at different  
concentrations. 
A significant increase in viscosity from 0 g/L to 35 g/L alginate concentration was 
obtained, 0±0,00 to 715±3,76 mPas, respectively. This is in good agreement with the 
previous studies (Chan et al., 2009). Previous works have shown that the viscosity of 
alginate solution must be above a certain range (i.e. 50-60 mPas) to produce beads 
having good quality and desired spherical shape (Chan et al., 2009). Below these 
values, bead formation is poor. In this study, the working concentration range was 
determined as 10-30 g/L, and the corresponding viscosity range was measured as 33-
453 mPas, respectively. This range includes enough low, moderate and high 
viscosity values to see the influence of alginate viscosity. High alginate 
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concentrations having extremely high viscosities are difficult to pump and cause 
some shape deformations on beads (Moghadam et al., 2008). Due to this reason, 35 
g/L alginate concentration is not included in experiments. In Figure 4.1, the viscosity 
data against alginate concentration is shown on the graph. 
Glycerol was commonly used to alter the viscosity of solutions. Glycerol was 
selected to modify the viscosity of CaCl2 solution because it is viscous, non-toxic 
and can easily be obtained. The results of viscosity measurement of CaCl2 and 
CaCl2-glycerol solutions at various glycerol concentrations are given in Figure 4.2. 
These data show that, as the glycerol concentration in CaCl2 solution increased, the 
viscosity of the solution increased in an exponential manner. 
 
Figure 4.2 : Viscosity graph of CaCl2 solution prepared by adding different 
concentrations of glycerol solution. 
The viscosity range of CaCl2 solution in the study was determined as 1-110 mPas, 
achieved by adding 0-90 % (v/v) glycerol into 20 g/L CaCl2 solution.  
4.1.2 Surface tension 
In the literature, it is observed that the surface tension of alginate solution is not 
changed significantly within the studied concentration range in this study (Chan et 
al., 2009). Thus, the influence of surface tension of alginate solution is neglected in 
the study. Only surface tension of CaCl2 solution is modified. Surface tensions of 
CaCl2 solutions at various Tween 20 concentrations are given in. 
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Before CaCl2 solutions, surface tension of water was measured and found as 72 
mN/m which is in a good agreement with the literature. Dissolved salts usually 
increase the surface tension of water (Boström et al., 2001). Thus, the surface tension 
of 20 g/L CaCl2 solution was found slightly higher than surface tension of water. As 
the Tween 20 concentration in CaCl2 solution increased, surface tension of solutions 
showed a decreasing trend until critical micelle concentration (CMC) was reached. 
CMC of Tween 20 was found around 0,05 g/L. This result is in good agreement with 
previous findings in the liteature where it is found between 0,044-0,058 g/L (Pennell 
et al., 2000). In Figure 4.3, the decrease in surface tension of CaCl2 solution is 
shown. 
 
Figure 4.3 : Surface tension graph of CaCl2 solutions prepared by adding different 
concentrations of Tween 20. 
As it is seen in Figure 4.3, the surface tension of CaCl2 solution is reduced from 
72,27 mN/m to around 37 mN/m by adding 0,01-1 g/L Tween 20. 
4.2 Droplet Formation 
Droplet formation at nozzle tip is the first step of dripping method. To have better 
information about droplet formation, this step was observed by using a high-speed 
camera. Figure 4.4 presents different steps of droplet formation.  
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Figure 4.4 : Image sequence of alginate (20 g/L) droplet formation. Time in 
milisecond from the beginning of formation to the detachment of the 
droplet. 
In dripping systems, droplet formation consists of different steps. As it is shown in 
Figure 4.4,  
Ø Polymer liquid flows through the nozzle tip forming a suspended pear (tear) 
shaped droplet, 
Ø The droplet grows on the tip and forms a neck which still maintains the 
droplet on tip, 
Ø The neck elongates until it breaks,  
Ø The droplet falls and moves to a spherical form. 
When the alginate droplet detached from the nozzle tip, it is not spherical and 
appeared in tear-shaped. Due to the viscous and surface tension forces, the shape of 
the falling droplet evolves from tear-shaped and egg-shaped to spherical shaped 
droplets before penetration into gelling bath (Chan et al., 2009; 2012). 
· Conditions to get spherical droplets 
With help of the video recording, it was also possible to define the minimum distance 
and time period to get spherical droplets in function of the nozzle diameter and 
alginate flow rate, as it is seen in Figure 4.5 and Figure 4.6. 
Figure 4.5 : Time and distance to obtain spherical droplet with different nozzle 
diameters.  
 
Figure 4.6 : Time and distance to obtain spherical droplet for different flow rates
According to the results given in 
diameter and high flow rate, the distance to get spherical droplet was less than 4 cm 
and the time less than 1-2 s.
These results indicate that use of high speed camer
about droplet formation and shape transition of alginate droplet. It may concluded 
that at detachment moment from the nozzle tip, the droplet is not spherical. However, 
during falling the droplet becomes spherical just befor
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Figure 4.5 and Figure 4.6, even with large nozzle 
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observation leads to conclude that penetration step has a significant influence on 
shape deformation of droplets and beads. 
4.3 Droplet Falling Velocity and Kinetics Energy
In order to understand if the falling drop has enough energy 
penetrate into the CaCl2 solution, droplet velocity (V, m/s) and the kinetics energy 
(E= ½ m v2) profiles were calculated by measuring the distance covered by the 
droplets during a certain time and s
velocity is defined as the velocity of a free
of gravity equals the upward force of
be zero, velocity remains constant result
velocity was calculated as 8,4 m/s according to the formula given in literature (Chan 
et al., 2009). In most laboratory experimental set
the solidifying bath at a speed between 25 an
(Poncelet et al., 2011). 
Figure 4.7 : Kinetics energy and speed graph of falling alginate droplet
Black line indicates the terminal velocity.
It is observed that the alginate droplet has enough energy and speed to penetrate into 
gelling bath. However, even the droplet has enough speed and energy to penetrate 
into the solution, still some penetration problems have been encountered. This 
penetration problems cause some shape deformations on beads. In order to obtain 
desired quality, spherical beads it is required to provide good penetration. To have a 
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better understanding about penetration, more experiments were conducted and the 
results will be discussed in next part of the study.  
4.4 Droplet Penetration into Liquid 
In this part of the study, physical properties of alginate and CaCl2 solutions were 
modified due to being easy to control and change these parameters. The results of 
penetration experiments are quantitavely given by measuring the penetration depths 
of alginate droplets into CaCl2 solution.  
4.4.1 Effect of viscosity on droplet penetration 
As a first step of penetration experiments, the effects of the viscosities of both 
alginate and CaCl2 solutions on penetration process were examined. The penetration 
depth values of alginate droplets are given in Table 4.1. 
Table 4.1 : Effect of viscosity of alginate and CaCl2 solution on penetration depth of 
alginate droplets into gelling bath. All data are given as penetration 
depth±SD (mm) in the table. 
Viscosity of 
CaCl2 
Solution 
(mPas) 
       Viscosity (mPas) of Alginate Solution  
 
33 mPas  
(10 g/L) 
 
81 mPas 
(15 g/L) 
 
156 mPas 
(20 g/L 
 
435 mPas 
(30 g/L) 
 
Mean 
1 22±0,62* 26±0,38 28±0,35 45±0,59 30,5a 
2 16±0,15 21±0,53 22±0,06 35±0,23 23,7b 
3 14±0,28 19±0,10 20±0,49 26±0,17 19,8c 
5 9±0,06 15±0,33 16±0,20 21±0,43 15,3d 
11 4±0,03 10±0,36 12±0,10 13±0,09 9,9e 
27 2±0,03 5±0,18 6±0,05 10±0,08 5,8f 
51 0 3±0,10 4±0,14 7±0,12 3,4g 
82 0 1±0,03 3±0,32 5±0,05 2,3h 
110 0 0 1±0,08 3±0,20 1i 
Mean 7,6A 11,2B 12,6C 18,3D  
            *Colorful area indicates the depth where spherical beads are produced. 
                *Different lowercase letters in mean column (group comparisons were performed only 
regarding the viscosity of CaCl2) and uppercase letters in mean row (group comparisons 
were performed only regarding the viscosity of alginate) indicate statistically significant 
differences at 5% (P < 0.05) according to Duncan’s test. 
In the table, colorful area indicates the area where spherical beads were produced. 
This result will be discussed more detailed in shape analysis part of the study. 
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When data are examined, it is observed that penetration depth of alginate droplets 
decreased as the viscosity of CaCl2 solution increased. As the viscosity of CaCl2 
solution increased from 1 mPas to 110 mPas, penetration depth decreased from 
22±0,62 mm to 0 mm for 10 g/L alginate (33 mPas), from 26±0,38 mm to 0 mm for 
15 g/L alginate (81 mPas), from 28±0,35 mm to 1±0,08 for 20 g/L alginate (156 
mPas), from 45±0,59 mm to 3±0,20 mm for 30 g/L alginate (435 mPas). According 
to these resuls, it may concluded that for high CaCl2 viscosities, penetration is poor 
or there is no penetration for each alginate concentrations. Even alginate viscosity is 
extremely high, penetration depth of alginate droplet decreased as the viscosity of 
CaCl2 solution increased. 
The data given in the table is used to draw a graph. In Figure 4.8, penetration depth 
versus viscosity of CaCl2 graph is given.   
 
Figure 4.8 : Effect of viscosity of alginate and CaCl2 solution on penetration depth 
of alginate droplets into gelling bath. Gelling bath is consisted of 20 g/L 
CaCl2 solution including different amount of glycerol. 
Maximum viscosity of alginate solution (435 mPas) is higher than maximum 
viscosity of CaCl2 solution (110 mPas), it is expected to have a good penetration due 
to the viscosity difference. However according to the results, it is observed that even 
the viscosity of alginate solution is extremely higher than viscosity of CaCl2 solution, 
after a certain viscosity of gelling solution, droplet penetration is poor. This result 
may lead to conclude that viscosity of CaCl2 solution is more important than alginate 
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viscosity to control and optimize the penetration process. It is concluded that 
viscosity of both alginate and CaCl2 solutions have a significant influence on 
penetration depth of alginate droplets into gelling bath (p<0,05). 
Figure 4.9 shows the shape deformation of 20 g/L alginate droplets that penetrate 
into CaCl2 solution having high viscosity (110 mPas). As it is seen, even alginate 
concentration is optimum for gelation process, penetration is poor. Since CaCl2 
viscosity is high, alginate droplet can not penetrate deep enough to complete gelation 
process. Thus, shape deformations are observed and resulting beads are not spherical.   
 
Figure 4.9 : Poor penetration and shape deformation of alginate (20 g/L) droplet at 
high CaCl2 viscosity (110 mPas) during penetration step. 
4.4.2 Effect of surface tension on droplet penetration 
The penetration depth values of alginate droplets for different surface tensions of 
CaCl2 solutions are given in Table 4.5.  
When data are examined, for a constant CaCl2 surface tension, it is observed that 
penetration depth of alginate droplets increased as the concentration of alginate 
increased. In addition to this, for each alginate concentrations, it is observed that 
penetration depth of alginate droplets increased as the surface tension of CaCl2 
solution decreased. As the surface tension of CaCl2 solution decreased from 72,27 
mN/m to 37,05 mN/m, penetration depth increased from 22±0,34 mm to 33±0,74 
mm for 10 g/L alginate, from 25±0,20 mm to 37±0,41  mm for 15 g/L alginate, from 
29±0,16 mm to 42±0,26 for 20 g/L alginate, from 43±0,29 mm to 58±0,18 mm for 30 
g/L alginate. 
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Table 4.2 : Effect of surface tension of CaCl2 solution on penetration depth of 
alginate droplets into gelling bath. All data are given as penetration 
depth±SD (mm) in the table. 
Tween 20 
Concentration 
(g/L) 
Surface 
Tension of 
CaCl2 
Solution 
(mN/m) 
Alginate Concentration (g/L)  
10 15 
 
20 
 
30 Mean 
0 72,27 
47,55 
43,32 
39,48 
38,08 
37,05 
22±0,34 25±0,20 29±0,16 43±0,29 29,9a 
0,01 25±0,36 26±0,11 30±0,38 45±0,14 31,8b 
0,025 28±0,27 29±0,76 31±0,18 48±0,44 34,2c 
0,05 29±0,25 31±0,02 34±0,60 51±0,14 36,4d 
0,1 30±0,32 34±0,96 38±0,12 54±0,39 39e 
0,5 33±0,74 37±0,41 42±0,26 58±0,18 42,5f 
 Mean 27,8A 30,5B 34,1C 50D  
                *Different lowercase letters in mean column (group comparisons were performed only 
regarding the surface tension of CaCl2) and uppercase letters in mean row (group 
comparisons were performed only regarding the concentration of alginate) indicate 
statistically significant differences at 5% (P < 0.05) according to Duncan’s test. 
In Figure 4.10, penetration depth of alginate droplets versus surface tension of CaCl2 
solution is given in a graph. 
 
Figure 4.10 : Effect of surface tension of CaCl2 solution on penetration depth of 
alginate droplets having different concentrations. 
According to these results, it is concluded that surface tension of CaCl2 solution has a 
significant influence on penetration depth of alginate droplets into gelling bath 
(p<0,05). Haeberle et al. (2007) reported that addition of a surfactant (0,1 wt-% 
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Tween 20) supports the penetration of alginate droplet into the liquid. Similarly, in 
this study, it is observed that addition of a certain amount of surfactant into CaCl2 
solution decreases the surface tension, thus enhances the penetration of alginate 
droplet and may decrease the shape deformations of beads. 
As a summary of penetration studies, it is observed that the droplet/bead deforms the 
surface of the gelling bath (CaCl2) until it breaks allowing full penetration of the 
droplet. If their kinetics energy is too low, the droplet is rejected. The penetration 
depth to get proper incorporation is mainly function of the viscosity and surface 
tension of gelling bath, but generally found around 1,5 cm to obtain spherical beads. 
Even the droplet penetrates correctly into the gelling bath, resulting beads may not be 
spherical. The viscosity of the droplet and at some extend of the gelling bath 
determine the sphericity of the beads. Sphericity results of beads will be discussed in 
the fallowing part of the study. 
4.5 Shape Analysis 
Shape is an important quality criteria for characterization of beads. Producing beads 
having desired size and shape is an indicator of the effectiveness of the dripping 
method. The shape deformations seen on resulting beads cause bad visual influence. 
Moreoever, it may reduce the ability of beads to protect encapsulated bioactive 
compound and leakage may occur. 
4.5.1 Effect of viscosity on bead shape  
As it is mentioned before, viscosity has a significant influence on penetration depth 
of alginate droplets and sphericity of resulting Ca-alginate beads (p<0,05). As the 
viscosity of CaCl2 solution increased, penetration depth of beads decreased. After a 
certain viscosity of CaCl2 (around 11 mPas) shape deformations observed and beads 
were not spherical anymore. In shape analysis, beads having sphericity factor ≤ 0,05 
was accepted as spherical (Chan et al., 2009). Sphericity factor and aspect ratio 
values of produced beads are given in Table B.1 in appendix B. According to the 
data, Figure 4.11 shows the overall sphericity graph of beads produced at different 
alginate and CaCl2 viscosities. 
Figure 4.11 : Effect of viscosity of alginate and CaCl
of Ca-alginate beads (The black square indicates the area where 
spherical beads are produced).
When alginate viscosity increased, penetration depth of alginate droplets increased. It 
is observed that better penetration of alginate droplets result
beads. However, as it is seen on the graph, beads produced by using 10 g/L alginate 
easily deformed even at low CaCl
penetrates enough, proper gelation could not be obta
Besides shape deformations, alginate beads formed using low
solutions did not have mechanical and physi
agrement with the previous findings (
see this shape deformation, another sphericity graph up to 11 mPas viscosity (area is 
indicated as a black square in the graph) is d
resulted deformed beads for each alginate concentrations. It is known that beads are 
accepted as spherical in the case of SF < 0,05, new sphericity graph allowed to define 
the zones of spherical and deformed beads.
deformed beads are given.  
In the following Figure 4.13, pictures of resulting Ca
using 20 g/L alginate at various viscosities of CaCl
the significant differences in shape deformations of resulting Ca
These pictures clearly show the influence of viscosity on bead shape. This result is in 
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a good agreement with the literature (Dohnal and Stepanek, 2010). More pictures of 
Ca-alginate beads produced by using various alginate concentrations are given in 
Figure C.1, Figure C.2 and Figure C.3 in Appendix C. 
 
Figure 4.12 : Effect of viscosity of alginate and CaCl2 solution on sphericity factor 
of Ca-alginate beads [focus low CaCl2 solution viscosity, the area 
where spherical beads are produced (sphericity factor < 0,05)]. 
In Figure 4.14, a shape table including penetration depth (PD), sphericity factor (SF) 
of beads produced by using different alginate concentrations and CaCl2 viscosities 
and a representative bead shape is given. Beads having SF ≤ 0,05 is accepted as 
spherical (Chan et al., 2009). According to this information, effect of viscosity on 
bead shape is interpreted. As it is seen, beads produced by using 10 g/L alginate 
concentration are easily deformed. Thus, it is concluded that 10 g/L is not a 
convenient alginate concentration to produce good quality, desired shaped beads. 15 
g/L, 20 g/L and 30 g/L are found to be more resistant than 10 g/L against shape 
deformations and enough concentrations to obtain good quality, desired shaped beads 
up to a certain CaCl2 viscosity (around 11 mPas in working range). After 11 mPas 
CaCl2 viscosity, as CaCl2 viscosity increased, beads start to deform at all alginate 
concentrations. At the highest CaCl2 viscosities in the working range (82-100 mPas), 
beads have tails, the shell becomes transparent and weak due to poor penetration and 
gelation (see Figure 4.13 and Figure 4.14). 
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2 5 % glycerol in 20 g/L CaCl2          
(µ : 2 mPas) 
  
2 30 % glycerol in 20 g/L CaCl2 
(µ : 5 mPas) 
  
2      70 % glycerol in 20 g/L CaCl2     
(µ : 27 mPas) 
  
2     90 % glycerol in 20 g/L CaCl2       
(µ : 110 mPas) 
using 20 g/L alginate at different CaCl2 
47 
 
Figure 4.14 : Shape table of Ca-alginate beads produced by using different alginate  
concentrations and CaCl2 viscosities including penetration depth (PD) 
of alginate droplets and sphericity factor (SF) of Ca-alginate beads. 
 
 
 
Alginate concentration (g/L) 
 Viscosity of CaCl2 
solution (mPas) 10 g/L 15 g/L 20 g/L 30 g/L 
1  
PD = 22 mm 
SF = 0,02 
 
PD =  26 mm 
SF = 0,01 
 
PD = 28 mm 
SF = 0,01 
 
PD = 45 mm 
SF = 0,01 
2  
PD = 16 mm 
SF = 0,06 
 
PD = 21 mm 
SF = 0,02 
 
PD = 22 mm 
SF = 0,02 
 
PD = 35 mm 
SF = 0,02 
3  
PD = 14 mm 
SF = 0,06 
 
PD = 19 mm 
SF = 0,03 
 
PD =20 mm 
SF = 0,02 
 
PD = 26 mm 
SF = 0,02 
5  
PD = 9 mm 
SF = 0,08 
 
PD = 15 mm 
SF = 0,03 
 
PD = 16 mm 
SF = 0,03 
 
PD = 20 mm 
SF = 0,02 
11  
PD = 4 mm 
SF = 0,20 
 
PD = 10 mm 
SF = 0,05 
 
PD = 12 mm 
SF = 0,06 
 
PD = 13 mm 
SF = 0,04 
27  
PD = 2 mm 
SF =0,38 
 
PD = 5 mm 
SF = 0,12 
 
PD = 6 mm 
SF = 0,12 
 
PD = 10 mm 
SF = 0,09 
82 
  
PD = 1 mm 
SF = 0,23 
 
PD = 3 mm 
SF = 0,20 
 
PD = 5 mm 
SF = 0,10 
110 
   
PD = 1 mm 
SF = 0,21 
 
PD = 3 mm 
SF = 0,14 
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In the literature, it is reported that minimum alginate concentration required to 
produce spherical beads is found 15 g/L (Chan et al., 2009; Chan, 2011). In most 
cases concentrations over 20 g/L is has not been used due to having high viscosity 
and non-Newtonian behaviour (Moghadam et al., 2008). Similarly, in this study 15 
g/L and 20 g/L alginate concentrations were found as optimum in order to obtain 
spherical beads. Although 30 g/L was found resistant to shape deformations, it was 
difficult to pump due to its high viscosity. 
4.5.2 Effect of surface tension on bead shape  
As it discussed before, addition of a certain amount of surfactant enhances alginate 
droplet penetration by decreasing the surface tension. When surface tension of 
gelling solution (CaCl2) decreases, shape deformations at liquid surface due to 
impact decrease. In this study, all beads produced at different CaCl2 surface tensions 
were spherical. It is concluded that the surface tension of recieving solution may be 
adjusted by adding surfactants, and may prevent shape deformations. 
4.6 Size Analysis 
4.6.1 Effect of viscosity on bead size 
Diameter of Ca-alginate beads produced at different alginate and CaCl2 viscosities 
are given in Table 4.3. 
Table 4.3 : Effect of viscosity on diameter of Ca- alginate beads (mm). All data are 
given as diameter ±SD. 
Viscosity of 
CaCl2 Solution 
(mPas) 
Alginate Concentration (g/L)  
10 15 20 30 Mean 
1 2,95±0,12 3,03±0,05 3,04±0,05 3,12±0,05 3,03a 
2 2,93±0,11 3,03±0,07 3,03±0,06 3,12±0,05 3,03a 
3 2,92±0,10 3,01±0,07 3,03±0,04 3,09±0,06 3,01a 
5 2,90±0,12 2,92±0,08 2,99±0,09 3,09±0,03 2,97b 
11 2,84±0,21 2,77±0,08 2,87±0,08 2,97±0,08 2,87c 
27 2,72±0,23 2,70±0,12 2,74±0,19 2,87±0,08 2,78d 
82 - 2,50±0,19 2,50±0,12 2,57±0,15 2,52e 
110 - - 2,49±0,14 2,52±0,14 2,51e 
Mean 2,89A 2,85B 2,84B 2,92A  
- indicates no penetration 
- Different lowercase letters in mean column (group comparisons were performed only regarding 
the viscosity of CaCl2) and uppercase letters in mean row (group comparisons were performed 
only regarding the concentration of alginate) indicate statistically significant differences at 5% 
(P < 0.05) according to Duncan’s test. 
49 
According to the results, as alginate viscosity increased, larger beads were produced 
and diameter of beads increased. As CaCl2 viscosity increased by adding different 
amounts of glycerol, there was a slight size reduction on bead diameter. In Figure 
4.15, the graph shows this reduction which may be due to osmotic effect of glycerol. 
As a result of osmotic effect, beads may lose water towards to the medium, thus 
diameter of beads may decrease. It is concluded that, viscosity of alginate and CaCl2 
solutions have a significant influence on bead diameter (p<0,05). 
 
Figure 4.15 : Effect of alginate and CaCl2 viscosities on diameter of Ca-alginate  
beads (Error bars indicate the standart deviation). 
4.6.2 Effect of surface tension on bead size 
Diameters of beads produced at various alginate concentrations and CaCl2 surface 
tensions are given in Table 4.4. According to the results in the table, as alginate 
concentration increased, diameter of Ca-alginate beads slightly increased. For each 
alginate concentration, as surface tension of CaCl2 solution changed, diameter of Ca-
alginate beads remained almost constant. In Figure 4.16, the data in the table is 
converted to a graph. 
 
 
 
0,0
0,5
1,0
1,5
2,0
2,5
3,0
3,5
0 20 40 60 80 100 120
D
ia
m
et
er
 (m
m
)
Viscosity of CaCl2 solution (mPas)
30 g/L
20 g/L
15 g/L
10 g/L
Alginate 
Concentration
50 
Table 4.4 : Effect of surface tension of CaCl2 solution on diameter of Ca-alginate 
beads (mm) produced by using different alginate concentrations. 
Surface Tension of 
CaCl2 Solution 
(mN/m) 
Alginate Concentration (g/L)  
10 15 20 30 Mean 
72,27 2,96±0,09 3,07±0,05 3,11±0,04 3,12±0,03 3,06a 
47,55 2,96±0,05 3,05±0,05 3,10±0,03 3,12±0,04 3,06a 
43,32 2,95±0,06 3,05±0,05 3,10±0,03 3,11±0,05 3,05a 
39,48 2,96±0,05 3,05±0,04 3,11±0,04 3,14±0,03 3,06a 
38,08 2,95±0,04 3,06±0,04 3,09±0,04 3,14±0,03 3,06a 
37,05 2,93±0,05 3,06±0,05 3,10±0,03 3,11±0,05 3,05a 
Mean 2,95A 3,06B 3,10C 3,12D  
- Different lowercase letters in mean column (group comparisons were performed only 
regarding the surface tension of CaCl2) and uppercase letters in mean row (group 
comparisons were performed only regarding the concentration of alginate) indicate 
statistically significant differences at 5% (P < 0.05) according to Duncan’s test. 
 
Figure 4.16 : Effect of alginate concentration and CaCl2 viscosity on diameter of Ca-
alginate beads.  
As it is easily observed, surface tension of CaCl2 does not has a significant effect on 
diameter of bead (p>0,05). However, effect of alginate concentration on diamficant 
(p<0,05). This may lead to conclude that addition of certain amount of surfactant to 
gelling bath may promote droplet penetration, prevent shape deformations without 
affecting size of beads. 
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5. CONCLUSIONS AND RECOMMENDATIONS 
Ca-alginate beads were produced via ionotropic gelation principle using dripping 
technique. During the study, by modifying concentration and thus viscosity of 
alginate solution, viscosity and surface tension of CaCl2 solution, various Ca-alginate 
beads batches were produced. Effect of these physical properties (viscosity, surface 
tension) on penetration depth of alginate droplets, size and shape of Ca-alginate 
beads were investigated. All steps of dripping (droplet formation, fall of droplet and 
penetration) were observed by using a high-speed camera to determine which steps 
have an influence on shape deformations of produced beads. Within the 
concentration range, 15 g/L and 20 g/L alginate concentrations are found convenient 
to produce spherical beads. However, 10 g/L alginate concentration is not enough for 
proper gelation. In addition, 30 g/L alginate concentration yields spherical beads but 
in this case pumping problems were encountered due to too high viscosity. It is 
concluded that viscosity of alginate and gelling solution (CaCl2) has a significant 
effect on penetration depth of alginate droplet (p<0,05). At low CaCl2 viscosities (up 
to around 11 mPas within studied range), spherical beads obtained. However, as the 
CaCl2 viscosity increased, penetration depth decreased and deformed beads having 
tails formed. It is also concluded that addition of a certain amount of surfactant into 
gelling bath decreases the surface tension, promotes penetration of alginate droplet 
and prevent shape deformations caused by impact on liquid surface. It is also seen 
that the effect of viscosity of solutions on diameter of beads is important (p<0,05). 
However, surface tension of CaCl2 solution does not influence the diameter of beads 
(p>0,05). Both viscosity and surface tension has a significantly important effect on 
sphericity of beads (p<0,05). With the help of video recording it was also possible to 
observe all steps of dripping (droplet formation, fall and penetration steps) and 
determine which step is effective on shape deformations of droplets/beads. It is seen 
that penetration step has an important role on shape deformations of alginate 
droplets. Thus, proper penetration should be provided by adding certain amount of 
surfactant or adjusting viscosities of solutions.  
52 
These data show that using high-speed camera may really help defining optimum 
conditions to realize good dripping techniques. In future, researches may continue to 
analyze the process more deeply and extend the study to more complex process like 
electro-dripping, co-extrusion, etc. Also more experiments should be conducted on 
penetration step of dripping to promote penetration of droplets into recieving 
solution.  
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APPENDIX A. Results of Analysis of Variance (ANOVA) 
Table A.1 : Analysis of variance for effect of viscosity on penetration depth. 
Between-Subjects Factors 
  N 
Viscosity of 
CaCl2 
1 12 
2 12 
3 12 
5 12 
11 12 
27 12 
51 12 
82 12 
110 12 
Viscosity of 
Alginate 
33 27 
81 27 
156 27 
435 27 
 
 
Tests of Between-Subjects Effects 
Dependent Variable:Penetration Depth     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 12796.975a 35 365.628 5.365E3 .000 
Intercept 16678.078 1 16678.078 2.447E5 .000 
CaCl2 Viscosity 10550.947 8 1318.868 1.935E4 .000 
Alginate Viscosity 1600.637 3 533.546 7.829E3 .000 
CaCl2 vis * Alginate vis 645.392 24 26.891 394.601 .000 
Error 4.907 72 .068   
Total 29479.960 108    
Corrected Total 12801.882 107    
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Post Hoc Tests 
Viscosity of Alginate 
Penetration Depth 
Duncan     
Alginate 
Viscosity N 
Subset 
1 2 3 4 
33 27 7.6074    
81 27  11.2056   
156 27   12.5907  
435 27    18.3037 
Sig.  1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = .068. 
 
Viscosity of CaCl2 
Penetration Depth 
Duncan 
         
CaCl2 
Viscosity N 
Subset 
1 2 3 4 5 6 7 8 9 
110 12 1.0042 
        
82 12 
 
2.2958 
       
51 12 
  
3.4125 
      
27 12 
   
5.8750 
     
11 12 
    
9.9292 
    
5 12 
     
15.3542 
   
3 12 
      
19.8083 
  
2 12 
       
23.6792 
 
1 12 
        
30.4833 
Sig. 
 
1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = .068. 
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Table A.2 : Analysis of variance for effect of surface tension on penetration depth. 
Between-Subjects Factors 
  N 
Surface Tension 
of CaCl2 
37.05 12 
38.08 12 
39.48 12 
43.32 12 
47.55 12 
72.27 12 
Concentration of 
Alginate 
10 18 
15 18 
20 18 
30 18 
 
 
Tests of Between-Subjects Effects 
Dependent Variable:Penetration Depth 2     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 6708.857a 23 291.689 1.789E3 .000 
Intercept 91574.881 1 91574.881 5.616E5 .000 
Surface Tension of CaCl2 1308.493 5 261.699 1.605E3 .000 
Concentration of Alginate 5334.901 3 1778.300 1.091E4 .000 
S.T CaCl2 * Conc. Alginate 65.463 15 4.364 26.763 .000 
Error 7.827 48 .163   
Total 98291.565 72    
Corrected Total 6716.684 71    
a. R Squared = .999 (Adjusted R Squared = .998)   
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Post Hoc Tests 
 
Concentration of Alginate 
 
 
Penetration Depth 2 
Duncan     
Conc. Of 
Alginate N 
Subset 
1 2 3 4 
10 18 27.8822    
15 18  30.5756   
20 18   34.1244  
30 18    50.0711 
Sig.  1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = .163. 
 
Surface Tension of CaCl2 
Penetration Depth 2 
Duncan       
Surface 
Tension of 
CaCl2 N 
Subset 
1 2 3 4 5 6 
72.27 12 29.9567      
47.55 12  31.7900     
43.32 12   34.2133    
39.48 12    36.4167   
38.08 12     39.0700  
37.05 12      42.5333 
Sig.  1.000 1.000 1.000 1.000 1.000 1.000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means.  
 The error term is Mean Square(Error) = .163. 
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Table A.3 : Analysis of variance for effect of viscosity on sphericity factor. 
Between-Subjects Factors 
  N 
Viscosity of 
CaCl2 
1 12 
2 12 
3 12 
5 12 
11 12 
27 9 
82 9 
110 6 
Concentration   
of Alginate 
33 15 
81 21 
156 24 
435 24 
 
 
Tests of Between-Subjects Effects 
Dependent Variable:Sphericity     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model .373a 27 .014 73.480 .000 
Intercept .540 1 .540 2.869E3 .000 
Viscosity of CaCl2 .313 7 .045 237.248 .000 
Concentration of Alginate .054 3 .018 95.761 .000 
Vis CaCl2 *Conc Alginate .048 17 .003 15.027 .000 
Error .011 56 .000   
Total .807 84    
Corrected Total .384 83    
a. R Squared = .973 (Adjusted R Squared = .959)   
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Post Hoc Tests 
 
Concentration of Alginate 
 
Sphericity 
Duncan    
Alginate
Con N 
Subset 
1 2 3 
435 24 .0535   
81 21  .0693  
156 24   .0814 
33 15   .0845 
Sig.  1.000 1.000 .481 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = .000. 
 
Viscosity of CaCl2 
 
Sphericity 
Duncan      
 CaCl2 
Viscosity N 
Subset 
1 2 3 4 5 
1 12 .0128     
2 12  .0275    
3 12  .0324    
5 12  .0387    
11 12   .0859   
27 9    .1074  
110 6     .1747 
82 9     .1756 
Sig.  1.000 .091 1.000 1.000 .889 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = .000. 
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Table A.4 : Analysis of variance for effect of viscosity on aspect ratio of beads. 
Between-Subjects Factors 
  N 
Viscosity of CaCl2 1 12 
2 12 
3 12 
5 12 
11 12 
27 12 
82 12 
110 12 
Concentraton of 
Alginate 
10 24 
15 24 
20 24 
30 24 
 
 
Tests of Between-Subjects Effects 
Dependent Variable:Aspect ratio     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 16,995a 31 ,548 354,541 ,000 
Intercept 100,688 1 100,688 6,512E4 ,000 
Viscosity of CaCl2 1,767 7 ,252 163,275 ,000 
Concentration of Alginate 2,721 3 ,907 586,575 ,000 
Vis CaCl2 * Conc Alginate 12,507 21 ,596 385,149 ,000 
Error ,099 64 ,002   
Total 117,782 96    
Corrected Total 17,094 95    
a. R Squared = ,994 (Adjusted R Squared = ,991)    
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Post Hoc Tests 
 
Concentration of Alginate 
 
Aspect ratio 
Duncan     
Alginate
Conc. N 
Subset 
1 2 3 4 
10 24 ,7534    
15 24  1,0222   
30 24   1,1221  
20 24    1,1987 
Sig.  1,000 1,000 1,000 1,000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = ,002. 
 
 
Viscosity of CaCl2 
Aspect ratio 
Duncan      
CaCl2 
Viscosity N 
Subset 
1 2 3 4 5 
110 12 ,7182     
27 12  ,9358    
1 12   1,0262   
2 12    1,0585  
3 12    1,0696  
5 12    1,0855  
82 12    1,0891  
11 12     1,2102 
Sig.  1,000 1,000 1,000 ,085 1,000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = ,002. 
 
 
 
68 
 
Table A.5 : Analysis of variance for effect of viscosity on diameter of beads  
 
Between-Subjects Factors 
  N 
Viscosity of 
CaCl2 
1 12 
2 12 
3 12 
5 12 
11 12 
27 12 
82 9 
110 6 
Concentration 
of Alginate 
10 18 
15 21 
20 24 
30 24 
 
Tests of Between-Subjects Effects 
Dependent Variable:Diameter     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model 3,280a 28 ,117 67,019 ,000 
Intercept 674,875 1 674,875 3,861E5 ,000 
CaClvis 3,112 7 ,445 254,311 ,000 
Algconc ,229 3 ,076 43,575 ,000 
CaClvis * Algconc ,074 18 ,004 2,352 ,007 
Error ,101 58 ,002   
Total 722,465 87    
Corrected Total 3,382 86    
a. R Squared = ,970 (Adjusted R Squared = ,956)   
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Post Hoc Tests 
 
Viscosity of CaCl2 
 
 
Diameter 
Duncan      
CaCl2 
viscosity N 
Subset 
1 2 3 4 5 
110 6 2,51     
82 9 2,52     
27 12  2,78    
11 12   2,87   
5 12    2,97  
3 12     3,01 
2 12     3,03 
1 12     3,03 
Sig.  ,462 1,000 1,000 1,000 ,299 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = ,002. 
 
Concentration of Alginate 
 
Diameter 
Duncan   
Algconc N 
Subset 
1 2 
20 24 2,84  
15 21 2,85  
10 18  2,89 
30 24  2,92 
Sig.  ,142 ,090 
Means for groups in homogeneous subsets are 
displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = ,002. 
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Table A.6 : Analysis of variance for effect of surface tension on diameter of beads. 
 
Between-Subjects Factors 
  N 
Surface 
Tension of 
CaCl2  
37.05 12 
38.08 12 
39.48 12 
43.32 12 
47.55 12 
72.27 12 
Concentration 
of Alginate 
10 18 
15 18 
20 18 
30 18 
 
Tests of Between-Subjects Effects 
Dependent Variable:Diameter     
Source 
Type III Sum of 
Squares df Mean Square F Sig. 
Corrected Model ,327a 23 ,014 91,560 ,000 
Intercept 673,603 1 673,603 4,339E6 ,000 
CaCl2SurfaceT ,001 5 ,000 1,509 ,205 
AlginateCon ,321 3 ,107 688,542 ,000 
CaCl2SurfaceT * AlginateC ,005 15 ,000 2,180 ,021 
Error ,007 48 ,000   
Total 673,937 72    
Corrected Total ,334 71    
a. R Squared = ,978 (Adjusted R Squared = ,967)   
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Post Hoc Tests 
 
Surface Tension 
 
Diameter 
Duncan  
SurfaceT N 
Subset 
1 
37.05 12 3,05 
43.32 12 3,05 
38.08 12 3,06 
47.55 12 3,06 
72.27 12 3,06 
39.48 12 3,06 
Sig.  ,058 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = ,000. 
 
Concentration of Alginate 
 
Diameter 
Duncan     
Alginate
C N 
Subset 
1 2 3 4 
10 18 2,95    
15 18  3,06   
20 18   3,10  
30 18    3,12 
Sig.  1,000 1,000 1,000 1,000 
Means for groups in homogeneous subsets are displayed. 
 Based on observed means. 
 The error term is Mean Square(Error) = ,000. 
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APPENDIX B. Shape Analysis Results of Produced Ca-Alginate Beads  
Table B.1 : Aspect ratio and sphericity factor of produced beads by using different 
alginate concentrations and CaCl2 viscosities. 
 
Alginate Concentration (g/L) 
Viscosity of 
CaCl2 
solution 
(mPas) 
Dimensionless 
shape 
indicators 
10 15 20 30 
(33 mPas) (81 mPas) (156 mPas) (435 mPas) 
1 
Aspect ratio 1,05±0,03 1,02±0,02 1,02±0,02 1,02±0,02 
Sphericity 0,02±0,01 0,01±0,01 0,01±0,01 0,01±0,01 
2 Aspect ratio 
1,13±0,08 1,04±0,05 1,03±0,04 1,03±0,03 
Sphericity 0,06±0,04 0,02±0,02 0,02±0,02 0,02±0,01 
3 
Aspect ratio 1,14±0,10 1,05±0,05 1,05±0,04 1,04±0,03 
Sphericity 0,06±0,04 1,03±0,02 0,02±0,02 0,02±0,01 
5 
Aspect ratio 1,18±0,19 1,06±0,05 1,05±0,03 1,04±0,02 
Sphericity 0,08±0,07 0,03±0,02 0,03±0,02 0,02±0,01 
11 
Aspect ratio 1,53±0,29 1,11±0,07 1,12±0,07 1,08±0,08 
Sphericity 0,20±0,08 0,05±0,03 0,06±0,03 0,04±0,03 
27 
Aspect ratio 1,86±0,29 1,27±0,12 1,28±0,14 1,19±0,11 
Sphericity 0,38±0,08 0,12±0,05 0,12±0,05 0,09±0,04 
82 Aspect ratio - 
1,62±0,23 1,51±0,24 1,24±0,15 
Sphericity - 0,23±0,07 0,2±0,07 0,1±0,06 
110 
Aspect ratio - - 1,53±0,15 1,34±0,16 
Sphericity - - 0,21±0,05 0,14±0,06 
 
- Indicates no penetration and no bead formation
APPENDIX C. Shape Characteristics of Ca
Different Alginate and CaCl
Figure C.1 : Shape characteristics of Ca
alginate at different CaCl
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Figure C.1 : Characteristics of 20 g/L CaCl2 solutions (a)0 % glycerol in CaCl2 (µ:1 
mPas). (b)5 % glycerol in CaCl2 (µ:2 mPas). (c)10 % glycerol in CaCl2 (µ:3 mPas). 
(d)30 % glycerol in CaCl2 (µ:5 mPas). (e)50 % glycerol in CaCl2 (µ:11 mPas). (f)70 
% glycerol in CaCl2 (µ:27 mPas). (g)85 % glycerol in CaCl2 (µ:82 mPas). (h)90 % 
glycerol in CaCl2 (µ:110 mPas). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.2 : Shape characteristics of Ca
alginate at different CaCl
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Figure C.2 : Characteristics of 20 g/L CaCl2 solutions (a)0 % glycerol in CaCl2 (µ:1 
mPas). (b)5 % glycerol in CaCl2 (µ:2 mPas). (c)10 % glycerol in CaCl2 (µ:3 mPas). 
(d)30 % glycerol in CaCl2 (µ:5 mPas). (e)50 % glycerol in CaCl2 (µ:11 mPas). (f)70 
% glycerol in CaCl2 (µ:27 mPas). (g)85 % glycerol in CaCl2 (µ:82 mPas). (h)90 % 
glycerol in CaCl2 (µ:110 mPas). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure C.3 : Shape characteristics of Ca
alginate at different CaCl
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Figure C.3 : Characteristics of 20 g/L CaCl2 solutions (a)0 % glycerol in CaCl2 (µ:1 
mPas). (b)5 % glycerol in CaCl2 (µ:2 mPas). (c)10 % glycerol in CaCl2 (µ:3 mPas). 
(d)30 % glycerol in CaCl2 (µ:5 mPas). (e)50 % glycerol in CaCl2 (µ:11 mPas). (f)70 
% glycerol in CaCl2 (µ:27 mPas). (g)85 % glycerol in CaCl2 (µ:82 mPas). (h)90 % 
glycerol in CaCl2 (µ:110 mPas). 
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